
HAL Id: tel-04562496
https://theses.hal.science/tel-04562496

Submitted on 29 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Development of innovative approaches for
characterizations of magnetic particles and target

(bio)molecules
Ngoc-Van-Thanh Nguyen

To cite this version:
Ngoc-Van-Thanh Nguyen. Development of innovative approaches for characterizations of magnetic
particles and target (bio)molecules. Analytical chemistry. Université Paris-Saclay, 2023. English.
�NNT : 2023UPASF025�. �tel-04562496�

https://theses.hal.science/tel-04562496
https://hal.archives-ouvertes.fr


Development of innovative approaches 
for characterizations of magnetic 

particles and target (bio)molecules 
Développement d'approches innovantes pour la caractérisation de 

particules magnétiques et de (bio)molécules cibles 

Thèse de doctorat de l'université Paris-Saclay 

École doctorale n° 571 : sciences chimiques : molécules, matériaux, 
instrumentation et biosystème (2MIB) 

Spécialité de doctorat : chimie 
Graduate School : Chimie. Référent : Faculté des Sciences d’Orsay 

Thèse préparée dans l’unité de recherche IGPS (Université Paris-Saclay, CNRS), 
sous la direction de Claire SMADJA, Professeure, le co-encadrement de 

Thanh Duc MAI, Maître de conférences 

Thèse soutenue à Paris-Saclay, le 13 avril 2023, par 

 Ngoc-Van-Thanh NGUYEN 

Composition du Jury 
(Membres du jury avec voix délibérative) 

Président du jury 

Rapportrice & Examinatrice 

Rapporteur & Examinateur 

Examinateur 

Anne VARENNE 
Professeure,  
i-CLeHS, Chimie ParisTech 
Emmanuelle LIPKA
Professeure, Université de Lille 
Farid OUKACINE
Maître de conférences, HDR 
Université de Grenoble
Bruno LE PIOUFLE
Professeur, Université Paris-Saclay 
(CNRS FR3242)
Thibaut DEVILLERS
Maître de conférences, Institut Néel 
Université de Grenoble

Examinateur 



 

 

Titre : Développement d'approches innovantes pour la caractérisation de particules magnétiques et de 
(bio)molécules cibles. 

Mots clés : Électrophorèse capillaire, billes magnétiques, ADN, anticorps, peptide bêta-Amyloïde 1-42. 

Abstrait : Les particules magnétiques de taille 
micro/nanométriques, plus particulièrement à base 
d’oxyde de Fer (Fe2O3, Fe3O4) sont très utilisées dans 
le domaine biomédical.  Dans le cadre de ma thèse 
nous nous sommes intéressés aux méthodes 
exploitant les particules magnétiques pour la 
détection de biomarqueurs présents dans les fluides 
biologiques à très faibles taux. Mes travaux ont porté 
sur trois axes.  

Le premier axe a visé à contrôler la densité et 
l'orientation des anticorps greffés de manière 
covalente sur des billes. Ceci en réalisant une 
digestion enzymatique préalable de l’anticorps et en 
analysant le digestat par chromatographie 
d’exclusion stérique. Cette approche a été appliquée 
à la capture du peptide bêta-amyloïde 1-42 (Aβ1-
42), biomarqueur de la maladie d'Alzheimer. 

Le deuxième axe a consisté à développer une 
méthode innovante d'électrophorèse capillaire 
couplée à la détection par fluorescence induite par 
laser (CE-LIF) permettant la préconcentration 
électrocinétique des nanoparticules. Cette 
méthode a été utilisée pour caractériser 
l'interaction des billes à très faibles concentrations 
(μM) avec des antibiotiques (kanamycine, 
amikacine).  
 
Dans la dernière partie de ma thèse, les deux étapes: 
magnéto-extraction, à l’aide de nanoparticules 
magnétiques, et  préconcentration électrocinétique 
ont été réalisées en ligne au sein du même 
capillaire. Cette combinaison réalisée pour la 
première fois a été utilisées pour extraire, 
préconcentrer et séparer un ADN double brin dans 
une capillaire unique. Pour cette expérience, un 
instrument dédié a été développé au laboratoire. 

 

Title : Development of innovative approaches for characterizations of magnetic particles and target 
(bio)molecules  

Keywords : Capillary electrophoresis, magnetic beads, dsDNA, antibodies, amyloid-beta peptides. 

Abstract : The micro/nanometric magnetic particles, 
especially the beads constituted by Fe3O4  and Fe2O3   
are widely used today for diverse applications in the 
biomedical. In my thesis, I focused on the application 
of magnetic beads for the biomarker detection in 
biofluids and their interaction. Hence, I propose three 
innovative analytical methods for this purpose.  

The first strategy relies on controlling the density and 
orientation of antibodies covalently grafted on beads, 
using enzymatic digestion, followed by size exclusion 
chromatography-fluorescent detector (SEC-FLD) 
analysis. This approach was then applied for magneto-
immunoassays of amyloid-beta peptide 1-42 (Aβ1-42), 
an established biomarker of Alzheimer’s disease. 

The second strategy is to develop a new capillary 
electrophoresis method coupled with- laser induced 
fluorescent detection (CE- LIF) to characterize the 
interaction of beads at very low concentrations with 
antibiotics (kanamycin and amikacin) during 
electrokinetic preconcentration and separation 
processes. 

In the last strategy, a new on-line dual-stage of 
enrichment via magneto-extraction and 
electrokinetic preconcentration are developed to 
capture, label, elute and separate dsDNA in the same 
capillary. A home-made instrument was also built for 
the concept.  
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RÉSUMÉ DE LA THÈSE EN FRANÇAIS 
 

Les particules magnétiques (PMs) de taille micro/nanométrique sont fréquemment 

employées dans le domaine biomédical, notamment pour extraire des biomarqueurs 

d’un milieu complexe, ou pour le développement de dispositifs miniaturisés 

(laboratoires sur puce, biocapteurs, etc). Cependant, il est important de noter que le 

développement d’outils de diagnostic liés aux particules magnétiques repose sur leur 

interaction avec des molécules cibles. Celles-ci dépendent notamment des propriétés 

physico-chimiques des PMs. Aussi leur caractérisation est primordiale. Les objectifs de 

cette thèse sont de développer deux nouvelles techniques pour caractériser (i) 

l’orientation et la densité d’anticorps greffés sur des billes magnétiques et (ii) 

l'interaction entre ces particules avec des antibiotiques. De plus, une approche 

d’extraction et préconcentration de l’ADN en utilisant des PMs a été également 

démontrée.   

Par ailleurs, l’électrophorèse capillaire (EC) est une technique séparative qui présente 

de nombreux avantages tels que le faible volume d’échantillon consommé, un temps 

d’analyse court ainsi qu’une haute résolution. En outre, elle peut être couplée à 

plusieurs modes de détection comme le détecteur à ultraviolet (UV), la fluorescence 

induite par laser (FIL) et la spectrométrie de masse (SM). Cependant, c’est une méthode 

peu sensible et les macromolécules biologiques tels que les peptides ou les protéines 

peuvent s’adsorber sur les parois du capillaire. Au vu de ces limitations, des stratégies 

pour améliorer la sensibilité de détection ont été développées. La première approche 

a visé à caractériser l’orientation et la densité d’anticorps anti bêta-Amyloïde Aβ 1-42 

immobilisés sur trois groupes de billes magnétiques. Deux groupes présentant à leur 

surface des groupements : Tosyls, ou Carboxylique. Le troisième groupe est constitué 

par des billes présentant à leur surface des Protéine G qui permettent une 

immobilisation orientée des anticorps. Cette étude a été réalisée à l’aide d’un enzyme 

de digestion l’IdeZ, clivant les anticorps en deux fragments de taille différent (F(ab)2 et 

Fc). Le digestat obtenu a ensuite été analysé par la chromatographie d’exclusion 

stérique (SEC) couplée à une détection à fluorescence. En se basant sur le ratio des 
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fragments digérés F(ab)2/Fc, les deux billes, Tosylé et Protéine G, montrent une 

meilleure orientation et densité d’anticorps immobilisés à leur surface. Elles ont donc 

été utilisées pour capturer le peptide bêta-Amyloïde Aβ1-42. 

La deuxième stratégie a visé à caractériser l'interaction des billes à très faibles 

concentration avec les antibiotiques en utilisant une nouvelle méthode d'EC couplée à 

la détection FIL. Une nouvelle méthode de préconcentration électrocinétique, en 

utilisant des molécules organiques ayant des charges très faibles, a également été 

développée afin d’augmenter la sensibilité de détection de l’EC. 

Le troisième axe a porté sur l’extraction et l’enrichissement de fragments d’ADN en 

combinant : une capture dynamique par les PMs circulant au sein du capillaire, et avec 

la préconcentration électrocinétique développée précedemment. 

En conclusion, ces travaux ont contribué à l’amélioration des connaissances de 

l’interaction des PMs (fonctionnalisées ou non avec des anticorps) et des 

(bio)molécules, et de leur application potentielle dans le domaine de l’analyse et 

biomédical.  
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GENERAL INTRODUCTION 
Micrometric and nanometric magnetic particles (MPs) are widely used nowadays in biomolecule 

analysis, and magnetic resonance imaging (MRI). These MPs have a common core-shell structure, 

covered by an optional surface layer. Among the particles, the beads made by magnetite (Fe3O4) 

or maghemite (Fe2O3) attract much attention of scientist since they have the unique 

superparamagnetic properties as well as the capacity for surface modification to provide 

multifunctional design. Since these particles are normally manipulated in biological fluids and used 

in patients as the contrast agents for MRI, their performance and toxicity are taken into account. 

Interestingly, they are related to the stability, size, morphology, surface properties of MPs and their 

interaction with (bio)molecules. Therefore, the characterizations that allow to assess the MPs’ 

properties are highly necessary.  

So far, there are several established methods to analyze the size and morphology (e.g., electron 

microscope, etc.), hydrodynamic radius (e.g., dynamic light scattering, etc.) and functionalized 

surface groups of beads (e.g., infrared spectroscopy, etc.). Particularly, for characterizing the MPs’ 

interaction with (bio)molecules, capillary electrophoresis (CE) is commonly used. CE, one of the 

separative techniques based on the migration of charged molecules under an electrical field, can 

also characterize the surface charge and size of particles. The technique has some advantages such 

as high selectivity, small volume sample requirement and short time analysis. Moreover, CE can 

couple to many detectors (e.g., ultraviolet, fluorescent, etc.) to give diverse MPs’ information. 

Nevertheless, the low sensitivity is emphasized as its limitation, leading the difficulty in detecting 

analytes which exist at low abundance in biosample. Consequently, many forefronts electrokinetic 

preconcentration strategies are developed to optimize the sensitivity detection of CE such as 

isotachophoresis, field-amplified sample stacking, etc. The second consideration of CE is the 

adsorption of analyte on capillary wall and the precipitation of MPs inside narrow capillary during 

separation.  

Regarding the context, the main objective of the thesis is to develop innovative analytical methods 

to characterize (i) the MPs and their interaction with aminoglycoside antibodies; (ii) the orientation 

and density of antibody immobilized on MPs. The second aim is to perform a new approach to 

extract and enrich DNA target by combining CE with MPs. The strategies to optimize the CE 

sensitivity are also investigated in our project. 

The bibliography part includes two chapters. The first chapter presents the overview of common 

MPs’ structure, their applications in diagnosis imaging and especially in biomolecule analysis as a 

solid support. The second chapter describes the working principles of CE and some electrokinetic 
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preconcentration techniques. Various applications of CE to analyze amyloid beta peptide, DNA 

and MPs as well as the preconcentration approaches for enrichment of these targets are also 

presented in this chapter. 

The experimental part of the manuscript is divided into three chapters that describe three developed 

strategies to achieve two main objectives of our project.  

The third chapter focuses on the method development of Size Exclusion Chromatography (SEC) 

coupled to fluorescent detector (FLD) and enzymatic strategy to control the interaction between 

three types of MPs with antibodies grafted on beads. The beads have better grafted antibody density 

and orientation are selected for magneto-immunoassays of amyloid beta peptide.    
The fourth chapter was put on a new EOF-assisted preconcentration method in CE coupled to 

laser-induced fluorescent detector to increase the detection sensitivity. The technique is based on 

the utilization of weakly charged ions as buffer separation. It is successfully demonstrated to enrich 

and characterize MPs and MPs ‘interaction with antibiotics (kanamycin and amikacin) as well as 

amyloid beta peptide preconcentration in silica capillary without recourse any coating.  

The combination of the new EOF-assisted preconcentration method CE (presented in chapter 4) 

and MPs for an extraction and enrichment approach is described in chapter 5. A home-made 

system with two pairs of tweezers were installed, allowing the MPs to circulate forth-and-back 

inside the capillary. This novel concept was successfully demonstrated for extracting and 

preconcentrating DNA target prior the CE separation. 
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Chapter 1:  MAGNETIC BEADS FROM CHARACTERIZATION TO THEIR 
BIOMEDICAL APPLICATIONS 

Over the years, micro/nano magnetic particles have found a growing interest in biomedical field. 

This is related to their easy synthesis, tunable size and structure as well as high specific areas. In 

addition, their magnetic properties allow easy manipulation under an external magnetic field. 

Among magnetic particles (MPs), particularly iron oxide, magnetite (Fe3O4) or maghemite (Fe2O3), 

offer a great potential thanks to their unique superparamagnetic properties and capacity for surface 

modification to provide multifunctional design [1]. As a result, these iron oxide magnetic particles 

have attracted much attention in the scientific community [2]. This chapter will present the 

magnetic particles’ structure, their applications in the biomedical field, and the analytical methods 

to characterize them.  

1.1 MICRO/NANOMAGNETIC PARTICLES 

 

 

 

 

 

 

 

 

Figure 1: The core-shell structure of micro/nanoparticles [3]. 

Micro (diameter from 1 μm to hundred micrometers) and nanoparticles (from 1 nm to hundred 

nanometers) have a common principal structure composed by three layers (Figure 1) [3, 4]. A 

magnetic core covered by a shell layer made from inorganic, organic or hybrid materials bounded 

covalently or non-covalently (through physical interactions). The third layer (surface) is optional, 

depending on the purposes (e.g., fluorescent dye for detection or bioreceptor for bioseparation). 

The stability, biocompatibility, and biodegradation of particles relies mainly on the shell layer [5]. 

Different types of coating commonly used will be presented in the following parts. 

Core 

- Organic 

- Inorganic 

Micro 
Nano 

particles 

Shell layer 
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Surface layer (optional) 

- Functionalized group 
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1.1.1 Core 

Metallic cores are made of transition metals (Fe, Co, Ni) or metal oxide such as Fe2O3, Fe3O4, etc. 

Indeed, pure metals such as Fe or Co are prone to oxidize and are highly toxic. As a result, iron 

oxide particles are preferred, even though pure metals possess the highest saturation magnetism. 

The Fe2O3, Fe3O4 particles have high magnetic susceptibility, non-toxicity and chemical stability 

[6]. These ferrite colloids are synthesized under various forms (spherical, cylindrical, tubular, 

hollow core, spiral, etc.) and by different methods [7, 8]. However, bare magnetic nanoparticles 

are prone to aggregate in solution due to their nanoscale size, large specific area, high specific 

surface energy and magnetic dipole interactions [6]. Therefore, numerous strategies to modify the 

surface layer of MPs have been investigated.  

 

 

 

 

 

 

Figure 2: Some core-shell structures of micro/nano magnetic particles. Surface coating with a) 
Inorganic metals (gold, silver, silica); b) Natural /Synthetic polymer; or polymeric shells 

surround an aqueous or oily core, making c) nanosphere; d) nanocapsule [9]. 

1.1.2 Shell surface’s modifications 

MPs surface modifications by organic compounds are an important step regarding magnetic 

particles stability during their synthesis and storage. Surface modifications could also provide 

functionalization for further conjugation with bioactive molecules or targeting ligands, to obtained 

multifunctional MPs [3].  

Several approaches could be proposed to achieve the coating surface (Figure 2): 

1. Coating with natural polymers (e.g., dextran, chitosan) or synthetic polymers (e.g., 

polyvinyl alcohol (PVA) or polyethylene glycol (PEG), polyethylene imine (PEI)) (Figure 2b) 
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2. Generating polymeric shells surrounding aqueous or oily core to avoid cluster growth after 

nucleation (Figure 2c, d). 

3. Deposing the layers of inorganics metal, gold, silver, or silica (Figure 2a). 

Stabilization of MPs is of paramount importance considering their broad application. Compared to 

other coating materials presented above (e.g., silica, gold, etc.), polymeric coatings offer excellent 

colloidal stability. They also prevent the core from oxidation, could ensure core protection under 

physiological conditions and render the beads more permeable. However, it should be carefully 

monitored as they can be altered by temperature and pH variation [10, 11]. 

 

Figure 3: Structures of polymers for magnetic particles coating a) PEG, b) PVA, c) PEI, d) 
chitosan, e) dextran, f) pullulan, and g) alginate [9]. 

More importantly, these shell surface modifications allow the immobilization of various functional 

groups such as amine, carboxyl, epoxy, tosyl, hydroxyl, N-hydroxysuccinimide as well as 

biological molecules such as biotin, streptavidin, protein A, protein G, and antibodies [12]. 

Conjugation of antibodies to the surface of beads can occur through various chemical functions, 

such as bioconjugation reactions [13] or through streptavidin-biotin [14] or Protein A/G type 

bioaffinity interactions (specifically capture antibodies through their Fc fragment) [15]. The 

immobilization of biomolecules such as antibodies on the surface of beads has opened the way to 

several applications in biomedical, notably in the separation and preconcentration of analytes [16].  

However, taking into account that MPs are often manipulated in biological fluids, characterizations 

assessing their stability, size, morphology and surface properties are essential. The main methods 

employed to characterize MPs will be presented hereafter. 
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1.2 CHARACTERIZATION METHODS FOR MPS 

The changes in size and morphology of MPs can alter their physicochemical properties while 

changes in surface’s charge, or functionalized group can modify their performance. Hence, many 

characterization techniques are employed to analyze the physical and chemical properties of beads. 

These established methods are summarized in Table 1 below.  

Table 1: Methods of magnetic particles’s characterization 

 

In this part, the most commonly employed methods in the field of magnetic bioseparation and 

diagnosis will be presented, such as electronic microscopies, DLS, zeta potential and IR. 

1.2.1 MPs morphology, crystallinity, size  

Electron microscopes 

Transmission electron microscope (TEM) and scanning electron microscope (SEM) are often 

employed to study the morphology of micro/nano particles. Although both methods use electron 

Techniques Provided information References 

Electron microscopes TEM: Morphology, size, structure, aggregation  

SEM: Morphology, size, surface topography  

[17-19] 

X-ray technologies    Morphology, crystallinity, size, aggregation state [20, 21] 

Dynamic light scattering 

(DLS) 

Hydrodynamic radius, size distribution, colloidal 

stability, aggregation state 

[22-24] 

Nanoparticle tracking 

analysis (NTA) 

Hydrodynamic radius, size distribution, 

aggregation state, particle’s mouvement 

[25, 26] 

Zeta potential Surface’ charge in term of pH, colloidal stability  [27, 28] 

Superconducting 

quantum interference 

device (SQUID) 

Magnetic moment [29, 30] 

Infrared spectroscopy 

(IR) 

Chemical identification of binding groups on 

MP’s surface 

[31-33] 

Capillary 

electrophoresis (CE) 

Size, charge, interaction between MPs and 

(bio)molecules, structure 

To be 

discussed in 

chapter 2 
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source for imaging, TEM provides information regarding the structure, morphology, and size of 

MPs while SEM gives information regarding surface topography. The important difference 

between them is that in an SEM experiment, the electron emitted from the irradiated sample is 

detected. In TEM, the electron beam passes through the sample, and the transmission change is 

recorded (Figure 4)  [34]. 

 

Figure 4: Illustration of working mechanism of SEM and TEM [34]. 

Imaging provided by electron microscopies is related to the contrast due to the absorption, 

scattering, and diffraction of the electrons from the target. It depends greatly on the composition, 

but also on the thickness of the material studied. Thus, MPs, which are often high-mass and highly 

crystalline, will appear darker than the surrounding media. Conversely, the matrix and small 

molecules will appear in the brighter zone due to the lack of scattered electron to camera [35]. 

Consequently, morphology, size (down to 1 nm), as well as bonding information of magnetic beads 

and target molecule could be revealed. However, it is important to note that the samples are 

analyzed in a vacuum which can require a time-consuming preparation. 

SEM TEM 
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Figure 5: TEM image of Fe3O4/PMG microspheres [17]. 

TEM reveals the core-shell structure, morphology, and size of MPs. For instance, we can see from 

Figure 5 that the magnetic colloid nanocrystal cluster (Fe3O4, hydrodynamic diameter 290 nm) is 

covered by a thick poly (N,N′-methylenebisacrylamide-co-glycidyl methacrylate) (PMG) layer. 

The measured hydrodynamic diameter after coating is from 600-800 nm, depending on the amount 

of glycidyl methacrylate added. Figure 5 shows also the uniform shape of Fe3O4/PMG [17].  

 

Figure 6: TEM images of 10.9 nm γ-Fe2O3 nanoparticles (a) before and after encapsulation 
within PS250-b-PAA13 micelles with the initial concentration of particles at (a) 0.1 mg/mL; (b) 

0.3 mg/mL and (c) 0.5 mg/mL [18]. 

We can observe from Figure 6 the images of γ-Fe2O3 nanoparticles before and after encapsulation 

within amphiphilic block copolymer poly(styrene250-block-acrylic acid13) (PS250-b-PAA13) 

recorded by TEM. An increase of the magnetomicelles microsphere size from 40 nm to more than 

120 nm is observed related to the number of incorporated Fe2O3 nanoparticles (diameter 10.9 nm). 

Indeed, the number of nanoparticles incorporated into each micelle increased when the initial 

concentration of γ-Fe2O3 nanoparticles rose from 0.1 mg/mL to 0.5 mg/mL. No aggregation was 

found as the magnetomicelles are stable for months thanks to the encapsulation of PS250-b-PAA13 

[18].  
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Figure 7: SEM image of (A) Free exosome, (B) and (C) MPs’ surface after successfully capturing 
exosome in buffer and in undiluted human serum, respectively [19]. 

SEM images provide data about surface topography besides shape and size. For example, free 

exosomes and captured ones by MPs in buffer and undiluted human serum can be observed by 

SEM as depicted in Figure 7. These MPs were specifically designed including three parts: 1) 

particles coated by polyacrylic acid to increase the biorecognition sites of protein G and by 

sylfobetaine to decrease non-specific bonding, 2) protein G to control the antibody orientation, and 

3) antibody anti-epithelial cell adhesion molecule (anti-EpCAM) for exosome recognition/capture 

[19]. 

1.2.2 MPs hydrodynamic size  

Dynamic light scattering (DLS)  

Dynamic light scattering, also known as photon correlation spectroscopy, is one of the most popular 

techniques mainly used to tailor the hydrodynamic size (Z-average), size distribution and 

polydispersity index of particles ranging from 1 nm to approximately 5 μm [22]. The light 

perpendicularly projects through the MPs suspension and the scattered light will be detected 

depending on the angle of detector, normally at 135o and 90o. Since the particles move continuously 

in solution based on the Brownian’s law, the obtained result is measured at one given time.  
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Figure 8: Hydrodynamic diameters of nanoparticles measured with DLS before and after coating 
with F127 [23]. 

In addition to, some organic compounds on particle’ surface are electron transparent such as oleic 

acid, pluronic coating, that cannot be detected by TEM. Therefore, when TEM is employed to 

measure the size of these particles, il shows a different result with DLS. For example, Gonzales et 

al employed DLS and TEM to measure the size of their synthetized oleic-acid-coated iron oxide 

nanoparticles before and after coating with copolymer Pluronic (F127). As shown in Figure 8, the 

initial hydrodynamic radio of particles is 13 nm, slightly higher than that measured by TEM (10 

nm). The difference is due to the presence of oleic acid coating that could not be detected by TEM. 

After coating with F127, the hydrodynamic diameter increased from 13 nm to 36 nm. This increase 

could be due to the dynamic association of the F127 on the nanoparticles [23].  

 

 

 

 

 

 

 

 

Figure 9: A) Hydrodynamic diameter of uncoated gold-coated nanorods at 10 mg/L and (B) after 
decorating with PDDA overtime in PBS, measured by DLS [24]. 

U
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DLS can also be employed to monitor the colloidal stability of MP’s suspension. For instance, 

gold-coated iron oxide nanorods at 10 mg/L (length 380 nm x diameter 40 nm), flocculate 

immediately in PBS in 10 minutes and the diameter of flocculated nanorods increased up to 1000 

nm in 30 minutes. However, MPs’ coating by poly(diallyldimethylamonium chloride) (PDDA) at 

same concentration can prevent flocculation phenomenon after 8h in PBS [24]. Moreover, the 

hydrodynamic diameter of nanorods decorated with PDDA increased from 300 nm to 500 nm since 

the hydrodynamic diameter of this material coating was more than 100 nm (Figure 9). 

In conclusion, DLS is a powerful method to characterize MPs’ hydrodynamic size and colloidal 

stability due to its simple manipulation, fast time analysis, non-invasive and sample recycling after 

measurement. Nevertheless, the MPs’ concentration has to be adapted as when the suspension is 

too diluted, there are not enough scattered light for the detector. Conversely, at too high 

concentration, multiple scatters may occur including both Brownian movement and particle’s 

interaction, especially particles at bigger size (such as the hydrodynamic diameter of MNPs 18 nm 

in deionized water raised more rapidly than smaller one at 6 nm when their concentration 

increases > 100 mg/L) [22].  

1.2.3 Colloidal stability and surface’ charge 

Zeta potential (ζ-potential) 

 

 

 

 

 

 

Figure 10: Illustration of ζ-potential of MPs [36]. 

ζ-potential is an electromagnetic potential of the double layers surrounding electrically charged 

particles in a colloidal dispersion. When the particles are exposed to the surrounding area, their 

surface are charged due to the ionization. A double layer is formed between the particle and the 

suspending medium to balance the surface’ charge. The first layer, named Stern-layer, binds strictly 
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to particles ‘surface. The second layer, surrounding the first one, composed by diffused counterions 

is called diffusion or Gouy-Chapman layer (Figure 10). Within the diffuse layer, there is a 

hypothetical boundary inside of which the ions and particles form a stable/rigid entity. Thus, under 

the application of an electric field, the ions within this boundary move together with the particle, 

and ions outside the boundary migrate separately in the dispersing fluid. The zeta-potential is the 

different electrostatic potential value of the double layer [36].  

 

 

 

 

 

 

Figure 11: pH dependence of ζ-potential of γFe2O3, 3-aminopropyltrimethoxysilane-γFe2O3 and 
carboxylic-γFe2O3 samples [27]. 

The particle properties (e.g., charge density) and the buffer properties (e.g., ionic strength, pH and 

composition) will influence the zeta-potential. When magnetic particles are suspended in a buffer, 

their surface or functional groups will be positively or negatively charged depending on the buffer 

pH (Figure 11). 

 

 

 

 

 

Figure 12: Zeta potential values of Fe3O4, Fe3O4-polyethylenimine (PEI) NPs, gold nanoparticles 
(AuNPs), Fe3O4-gold NPs, graphene oxide nanosheets (GO), reduced graphene oxide (RGO) and 

Fe3O4-Au@RGO nanocomposites [28]. 

We can observe from Figure 12 the zeta potential variation of different nanocomposites after their 
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surface’s modification. For example: the zeta potential at -39.7 mV of Fe3O4 with negative surface 

charge increased to 31.4 mV after immobilizing PEI onto their surface. Then, when AuNPs (zeta 

potential value of -30.2 mV) were immobilized on the surface of the Fe3O4-PEI NPs, they became 

negatively charged Fe3O4-Au NPs (zeta potential of -17.3mV). Moreover, the incorporation of 

Fe3O4-Au NPs onto the surface of reduced graphene oxide (RGO) (zeta potential of 43.4 mV) 

leaded to negatively charged Fe3O4-Au@RGO with a net zeta potential of -8.9 mV [28].  

1.2.4 Chemical identification of binding groups on MP’s surface  

Fourier transform infrared (FTIR) spectroscopy  

FTIR is a spectroscopic method widely employed to confirm the chemical group composition on 

beads ‘surface [11, 33].  

 

 

 

 

 

 

 

Figure 13: FTIR spectra of the (a) purified His-tagged SC, (b) SMBs, and (c) SC-SMBs [31]. 

For example, the binding protein on magnetic beads through the Syptag/Spycatcher were monitored 

by FTIR (Figure 13). The SpyCatcher-SpyTag system was developed as a method for protein 

ligation. It is based on a modified domain from a Streptococcus pyogenes surface protein 

(SpyCatcher), which recognizes a cognate 13-amino-acid peptide (SpyTag). The spectra proved 

that the proteins were successfully immobilized on silica-coated magnetic beads functionalized 

with carboxylic group (SMB) via Spycatcher (SC). Indeed, without any proteins binding on 

magnetic beads surface, we can observe on the FTIR spectrum of SMB with three  peaks 3412.3 

cm-1, 1024.2 cm-1, and 633.7 cm-1 corresponding to the hydroxyl group of carboxylic acids, the 

asymmetric stretching of the Si-O-Si chain, and the Fe-O stretching of Fe3O4,  respectively [31]. In 
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the FTIR spectrum of the purified His-tagged SC, peak 1 (2869.9 cm-1) correspond to a symmetric 

C-H stretching of a methyl group from hydrophobic amino acids, such as alanine, valine, leucine, 

and isoleucine. Peaks found at 1076.8 cm-1 and 1158.1 cm-1 are related to the C-O stretching 

vibrations of serine (primary alcohol) and threonine (secondary alcohol), respectively. The peak 

observed at 861.2 cm-1 is related to the disubstituted benzene rings from tyrosine. The peaks at 

1076.8 cm-1 (threonine), 1158.1 cm-1 (serine), 861.2 cm-1 (tyrosine) and 633.7 cm-1 (Fe-O) were 

also observed in the FTIR spectrum of SC-SMBs, indicating that SC proteins were successfully 

immobilized onto the surface of SMBs. 

However, FTIR required a long and complicated sample preparation. The solid sample must be 

mixed with potassium bromide and submitted to a high pressure to make a thin film layer.  

Overall, we can see from many works in the literature that MPs characterization relied on several 

orthogonal methods. 

 

 

 

 

 

 

 

 

 

Figure 14: Characterization of the MNPs/nanoparticles: (A) zeta potential of superparamagnetic 
nanoparticles (SNPs), SNPs-PEI, SNPs-PEI-PAA, SNPs-PEI-PAA-(4-aminoazobenzene) (AAB), 

and functionalized superparamagnetic-NPs (FS-NPs). (B) FTIR spectra of SNPs, SNPs-PEI, 
SNPs-PEI-PAA, and SNPs-PEI-PAA-AAB. The SEM image (C), TEM image (D) and magnetic 

hysteresis (E) of immunoaffinitive MNPs [37]. 
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The interaction of MPs with the (bio)molecules regarding density, orientation, affinity cannot be 

measured by employing these presented techniques. In this context, capillary electrophoresis is a 

good choice. It provides the interaction information of MPs and allows the integration of many 

treatment steps inside the capillary (e.g., preconcentration, extraction, labeling).  

1.2.5 Charge, size and interaction between MPs and (bio)molecules 

Capillary electrophoresis (CE) 

CE is a key technique to characterize the MPs. Chapter 2 of the thesis is dedicated for the working 

principles of CE as well as its numerous applications for MPs characterization.  

1.3 BIOMEDICAL APPLICATIONS OF MAGNETIC BEADS 
In the last decades, magnetic micro and nanoparticles have gained important research interest in 

several fields such as protein separation, cell tracking, immunoassay, imaging, and drug delivery, 

etc. The miniaturized analytical systems (e.g., lab-on-chip) employing these particles were also 

developed with many interesting applications. This 1.3 parts will present the following applications 

of MNPs in biomedical: imaging and diagnostics (Figure 15). 

 

 

 

 
Figure 15: Schema of MPs applications in biomedical.  
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1.3.1 Magnetic particles as a solid support 

Magnetic particles are also widely used in biomedical diagnosis. Once biofunctionalized, they can 

selectively extract biomolecules or biomarkers in complex media such as blood. They could also 

be exploited as carriers for biomolecules in microsystems (e.g., microfluidics, lab-on-chips). 

1.3.1.1 Bioseparation  

Magnetic particles are employed as a separation carrier under an external magnetic field. They 

allow extraction of biological targets such as proteins/peptides, cells, or exosome from biofluids. 

This bioseparation based on MPs is described in Figure 16 [6].  

 

 

 

 

 

 

 

 

 

Figure 16: Schematic illustration of the bioseparation process based on magnetic particles [6]. 

Proteins separation from biosamples could be selective or nonselective. It depends on the 

interaction of proteins with the surface biofunctionalization.  

Nonselective separation 

For the nonselective approach, proteins separation is achieved through their adsorption on MP’s 

surfaces. For instance, proteins such as lysozyme or cytochrome C (cyt C) were extracted from cell 

lysate by adsorption on nanosphere Fe3O4 (diameter 7.8 nm) coated by poly methyl methacrylate 

(PMMA) (total diameter from 10 nm – 90 nm) [38]. The cyt C (0.5 mg/L) enrichment was obtained 

through hydrophobic interactions. After enrichment (MP’s concentration 5 mg/ mL), the S/N 

detection on MALDI-TOF-MS increased 68 folds. 

Proteins adsorption was evaluated on Fe3O4/carboxymethylated chitosan (Fe3O4/CMCS) 
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nanoclusters (diameter 500 nm). An in depth evaluation of the material coating (Fe3+) and 

environment (pH, ionic strength) influence on proteins adsorption was performed with four models 

proteins: lysozyme (LYZ), bovine hemoglobin (BHB), apo-transferrin (TRT) and bovine serum 

albumin (BSA) [39]. As the influence of Fe3+ on the interactions between proteins and other 

molecules was highlighted in previous studies [40, 41].  

This study showed that the adsorption amount of four proteins is similar on the two types of MPs 

(Fe3O4/CMCS and Fe3O4/CMCS-Fe3+) (Figure 17). The addition of Fe3+ to the coating layer had 

no influence on the protein’s adsorption on MPs. Additionally, the amount of adsorbed BHB and 

LYZ is higher on both MPs compared to BSA and TRT showing a selective capture of these two 

proteins (BHB and LYZ) on the two types of MPs.    

 

Figure 17: LYZ, BSA, BHB and TRT adsorption amounts of the Fe3O4/CMCS nanoclusters [39]. 

However, conformation changes were observed on adsorbed proteins. Further studies showed that 

the best results regarding conformational changes were obtained with PBS buffer at pH 7.  

Selective separation by ligands-functionalized MPs. 

Relying on ligand-functionalized MPs, this approach allows specific extractions of single proteins, 

cells or exosomes from a complex sample, which can be essential for diagnosis. For this purpose, 

ligands/bioreceptors such as antibodies or aptamers that are able to selectively and sensitively 

capture the biomolecule targets (e.g., proteins, cells, exosomes) are immobilized onto MPs 

surfaces. For example, selective separation relying on MNPs (Fe3O4) grafted with antibodies was 

tested. These MNPs chemically functionalized by β-cyclodextrine-polyethylen glycol (β CD-PEG 

2000) and terminated by a carboxylic group (COOH) (hydrodynamic diameter 391 nm). Antibodies 

against CD63 were therefore grafted via N-Hydroxysuccinimide (NHS)/3-ethyl-carbodiimide 
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hydrochloride (EDC) activation. The complexe of MNPs-anti CD63 demonstrated their ability to 

extract exosomes from pre-cleared cell-culture supernatant (cell-lines MCF-7 and 4T1). A capture 

efficiency of 80% was obtained while the release efficiency of exosomes was 86.5%. The isolation 

efficiency obtained was 8 times better than conventional ultracentrifugation, and twice than 

polyethylene glycol-based precipitation, and commercial kits [37]. 

MPs able to capture glycoproteins were also developed. Indeed, glycoproteins play major roles in 

cellular functions and are considered as potential biomarkers for different diseases such as cancer 

and cardiovascular diseases. Therefore, numerous studies focused on the improvement of their 

analysis and detection. For example, ethylenediamine tetraacetic acid (EDTA)-MNPs (diameter 15 

nm) were developed to immobilized concanavalin A through a Cu2+ bridge (Con A-MNPs) to 

enrich the glycoproteins. These MNPs were able to specifically separate a glycoprotein, ovalbumin 

from a non-glycoprotein (lysozyme) in a standard mixture composed by a ratio of 1: 600 

(ovalbumin/ non-glycoproteins). Furthermore, Con A-MNPs showed their ability to capture 

selectively three glycoproteins (ovotransferrine, ovalbumin and ovoinhibitor) from a 500-fold 

diluted real egg white sample (total amount of 430 μg of three glycoproteins captured by 6 mg of 

Con A-MNPs) [42].     

1.3.1.2 Immunoassay 

Immunoassays is a test that measures the concentration of analytes such as proteins, peptides, etc. 

in a biological sample through the use of antibodies which are immobilized on a solid support such 

as microplate [43], column [44], capillary [45], beads [46]. A second antibody is added, binding 

also to the antigen and generates a measurable signal provided by enzymes digestion, radioisotopes, 

fluorescent markers, or chemiluminescent labels [47]. Thanks to extremely high surface-to-volume 

ratio, MPs raise the sensitivity by increasing the grafting surface of antibodies and distribute 

homogenously them throughout the whole volume of the reaction medium, leading to a faster and 

better capture performance [48]. The complexes between the particles and antibodies are formed 

by covalent or non-covalent immobilization. Generally, in immunoassay, MPs can be used as (i) a 

solid support for the formation of the immune complex or (ii) a detection label measured by 

different detectors (Figure 18). 
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Figure 18: Schematic representation of the use of MPs as (I) solid phase support or (II) the 
detection labels [49]. 

Regarding solid phase application, MPs support has been recently applied for immunoassay to 

detect SARS-CoV-2 antibody in serum [50]. This method was proved to be rapid (duration of the 

whole process 15 minutes), simple (without sample pretreatment), and inexpensive. Recombinant 

6xHis-tagged SARS-CoV-2 nucleocapsid protein was immobilized on the surface of Ni2+ magnetic 

beads prior the incubation with blood of Covid-19 patients. The complex was then detected by blue 

color intensity when adding anti-human IgG-HPR conjugate and its substrate. A better sensitivity 

of 97% and reproducibility were recorded (CV 2-3%), compared to classical immunoassay method 

without MPs support (90% and CV 8-9%, respectively).  



 

36 

 

Figure 19: Schematic illustration for spike protein Covid-19 detection using the MNPs-based 
electrochemical immunoassay [51]. 

Other studies relying on the improvement of immunoassay for Covid-19 diagnosis thanks to MPs 

have been reported in the other studies [51, 52] (Figure 19). 

Moreover, the use of antibody against carcinoembryonic antigen immobilized on Fe3O4 

nanoparticles (diameter of 51.3 nm) in PBS for the immunoassay of carcinoembryonic antigen was 

also developed [53]. The method is more sensitive with a limit of detection at 0.21 ng/mL, 

compared to commercial kits (0.5 ng/mL), was successfully applied on clinical tests. The diagnosis 

of colorectal cancer from 54 serum samples (24 healthy people and 30 colorectal cancer patients) 

was conducted. While the control group had value range from 0.6 ng/mL to 1.5 ng/mL, the values 

of patients were from 6.0 ng/mL to 20 ng/mL. 

1.3.1.3 Lab-on-chip 

Development of miniaturized devices has attracted attention, since it can combine several 

integrated steps for biomolecules: extraction, analysis, and detection in an automated device (e.g., 

lab-on-a-chip (LOC)). The miniaturization technology allowing device portability, hold a great 

potential for point-of-care testing [54]. LOC could provide many advantages such as automation, 

high sensitivity, high throughput, small sample volume and reagent-consuming, and multiplexing. 

Microsystems are therefore promising tools in the field of diagnosis. 

MPs have demonstrated their ability to improve analytical steps when integrated in miniaturized 
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devices. Because of their magnetism property and micro/nanosize, they can be easily manipulated 

under an external magnetic field for capture and transportation of the target molecules in the 

micro/nanochannel. Additionally, MPs’ biofunctionalization with different bioreceptors (e.g., 

antibody, aptamers, etc.) renders them ideal for the specific capture of biomarkers of interest in lab 

on-chip. This is why they have been widely used for the context of diagnosis. 

 

Figure 20: Principle and practical implementation of the Ephesia system [55]. 

Magnetic beads packed in a microfluidic device were first investigated. Biofunctionalized MPs 

were introduced in a microchannel and packed under an external magnetic field, produced by a 

permanent magnet [56]. The sample could be therefore percolated through the packed magnetic 

beads grafted with bioreceptors such as enzymes or antibodies [57, 58]. However, in this design, 

the MP’s aggregation and clogging could occur, leading thereby to a decrease of the capture or 

digestion efficiency [59]. To prevent these phenomenons, different strategies have been proposed. 

Among them, chips based on columns of biofunctionalized MPs in a microfluidic channel, such as 

“Ephesia”. These columns made of self-assembled magnetic beads, bearing antibodies anti-CD19, 
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showed that they were able to capture B-cells (Figure 20) [55]. 

This Ephesia chips were also recently employed to capture and characterize the circulating tumor 

cells (CTC), HER2 positive, and identify their HER2-HER3 status, considered as a predictive 

biomarker [60].  

 

Figure 21: Schematic illustrations of the microfluidic fluidized bed for two working regimes: at 
low imposed pressure, particles are organized in a packed bed. Fluidization occurs when the 

pressure is sufficient to induce a fluid flow associated with drag forces [61]. 

Another approach relying on microfluidic magnetic fluidized bed was proposed [61]. Briefly, the 

fluidized bed results on the balance between magnetic forces (generated by permanent magnet) on 

one side and hydrodynamic forces exerted by incoming liquid flow on the other side, leading 

thereby to a circulating movement of the particles (Figure 21). Channel geometry, magnet position 

and pressure/flow rate conditions were optimized to maximize sample/particle interaction. 

Compared to packed beds, fluidized beds provide higher mixing efficiency, and decrease beads 

plugging in the microdevice.  

This concept was successfully applied to extract amyloid beta peptides detection [62], bacteria 

quantification [63], and DNA analysis [64]. 

In the last example, microfluidic chip where magnetic beads are immobilized on the floor of the 

device, called magnetically actuatable surface attached posts (ASAPs) or “BeadPak,”. 
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Figure 22: Schematic depiction of the BeadPak system [65]. 

The ASAPs enhanced the analyte’s mixing and transport by using cilia array (moving hair-like 

structures) to generate directed or chaotic fluid flow under magnetic field, leading to the higher 

interaction between sample and MPs (Figure 22) [65]. This immobilization on the floor of the 

device prevents the MPs loss that may occur in fluidized bed. BeadPak was successfully applied 

for the capture of nucleosomes (histone/DNA complex), used for early cancer detection [65]. 

In conclusion, magnetic micro/nano particles have a wide range of applications in diagnostic fields. 

Regarding bioseparation and immunoassay based on MPs support, the cited examples showed 

better sensitivity and selectivity compared to traditional methods. It is also revealed that the 

integration of MPs to microchip design highlighted many advantages of MPs using for 

biomolecules’ extraction, analysis and detection. However, the strategies of MPs’ transportation 

and mixing with analytes in miniaturized devices are not widely performed, leading the modest 

biomolecules extraction and detection. Besides magneto- immune enrichment, there are diverse 

established preconcentration methods for biomolecules. Among them, the electrokinetic 

preconcentration technique in CE are widely used and showed high performance (will be discussed 

in chapter 2). Taking into account that the MPs can be characterized by CE and transported in 

capillary, the combination of two strategies (magneto and electrokinetic preconcentration) will be 

developed with the aim to achieve better enrichment factors and sensitivity detection. 

1.3.2 Magnetic particles as an contrast agent in imaging  

Magnetic particles were recently proposed as advanced contrast agents for magnetic resonance 

imaging (MRI) [66, 67].  

Magnetic resonance imaging (MRI) is well-known as non-invasive and high resolution for 
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diagnosis. The MP contrast agents allow the discrimination of healthy and malignant tissues thanks 

to different distribution of contrast agent in sample, leading to dark signal on image. Many iron 

oxide particles were developed to replace the gadolinium, Fe and Au, employed individually or 

combined to other metals. This is related to their high biocompatibility, high contrast, and targeting 

potential [68, 69]. Uniform-sized iron oxide nanocubes with an edge length of 22 nm, was 

successfully employed in mice, to perform in vivo MRI of tumors after their intravenous injection 

[70]. Their passive targeting at the tumor site has been demonstrated by MRI. Ferumoxytol, iron 

oxide nanoparticle, coated by carboxydextran, (mean hydrodynamic diameter 30 nm) also proved 

their ability to detect tumor-associated macrophages (TAM) in a mouse model of mammary 

carcinogenesis. The best contrast achieved 1 hour after using Ferumoxytol (Figure 23) [71].  

 

 

 

 

 

 

Figure 23: MRI images of TAM in mouse before and 1 hour after using Ferumoxytol contrast  
[71]. 

Ferumoxide (diameter 60-80 nm) and Ferumoxstran (diameter 17-20 nm) were approved by Food 

and Drugs Administration (FDA) for liver tumor imaging on patients [72, 73]. The smaller one has 

longer blood half-life (more than 100 minutes) because they can avoid the massive uptake by liver 

and spleen while that of the larger one has less than 30 minutes.  

MPs were employed to perform at cellular level. The ability of innate immune cells to phagocytate 

iron oxide nanoparticles has been demonstrated: (i) in vitro with macrophage, microglia, and 

neutrophils, (ii) in vivo in mouse model of experimental autoimmune encephalomyelitis (EAE), 

mimicking multiple sclerosis. Therefore, the molecular imaging of innate immune responses can 

be served as an imaging biomarker in autoimmune-mediated neuroinflammation, with potential 

clinical applications in many inflammatory diseases [74]. 

Additionally, glucosamine-modified polyacrylic acid-coated ultra-small iron oxide particle 
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(diameter 40 nm) was tested as a mesenchymal stem cell label for tracking applications by MRI. 

Results obtained showed that these MPs enhanced the cellular uptake and exhibited a higher 

biocompatibility, thus, they could be considered as promising labeling agent for cells tracking 

application in animal models of ischemia [75]. 
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Chapter 2:  CAPILLARY ELECTROPHORESIS AND THE ASSOCIATING 
PRECONCENTRATION METHODS FOR BIOMOLECULE ANALYSIS 
AND MAGNETIC PARTICLE CHARACTERIZATION 

CE is a powerful method for separation and characterization of biomolecules (e.g.,, proteins [1], 

peptides [2], glycans [3], DNA [4]) and magnetic bead analysis [5] thanks to its high separation 

resolution, and small sample volume consumption (in the nL - µL ranges). When using CE for 

separation of biomolecules in biofluids for diagnostic purposes in particular, very often their 

concentrations are at trace levels. High detection sensitivity is therefore required. Different 

detection strategies for CE, relying mostly on fluorescent, UV, contactless conductivity (C4D) and 

mass spectrometry (MS) detection, were proposed to allow tracing target molecules down to nM 

ranges [6]. However small optical pathlength and small loaded volumes are always the inherent 

problems preventing sensitive detection of target molecules in CE analysis. In a related context, 

several strategies were studied for sample preconcentration and well proved their indispensability 

in biomolecule analysis [7]. Forefront sample treatment and preconcentration, which can be 

conducted on-line or off-line, allow obtaining enriched and purified analytes and eliminating the 

sample matrix prior to their CE separation. This chapter will present in detail the principles of CE 

together with some associating preconcentration methods, with particular attention to CE analysis 

of DNA, amyloid beta (Aβ) peptides and characterization of magnetic particles (MPs).  

2.1 FUNDAMENTALS OF CE 

2.1.1 Working principle of CE 

CE is a separation technique based on the different mobilities of ions under an electrical field [8]. 

The simple setup of a CE instrument is illustrated in Figure 24. All CE steps are carried out inside 

a narrow channel (typically 25-75 µm internal diameter). The capillary is normally made from 

fused silica covered with a polyimide coating outside.  
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Figure 24: The typical setup of a capillary electrophoresis system. 

Each side of the capillary, together with an electrode, is dipped in a vial containing the background 

electrolyte (BGE, normally, a solution of buffering salt). During the injection step, the BGE vial at 

one side is replaced with a sample vial. In the simplest mode of CE, called ‘capillary zone 

electrophoresis’ (CZE), the capillary is first fulfilled with the BGE, the sample solution is then 

injected accounting for 1-3% of the total capillary’s volume. Upon application of a high voltage, 

the charged molecules are separated according to their electrophoretic mobilities and the 

electroosmotic flow (refer to the next chapter for further details). The role of BGE is to provide 

constant conditions (e.g., pH, ionic strength (IS), conductivity) for the analyte ions during the 

separation. Only under constant conditions, the target molecule can be identified by its migration 

time in CZE [9]. 

The electric current, generated by the movement of ions in the BGE under an electrical field, should 

be kept as low as possible during a CE run in order to minimize heating gradient inside the capillary, 

called Joule heating [10]. Indeed, the Joule heating effect limits the separation and resolution. The 

thermal gradient loads to the higher temperature in the center of capillary than at the wall which 

could be risky for heating sensible biomolecules. While the viscosity at the center decreases, the 

velocity of analyte in the center will go up, generating the deformation in analyte plug, increasing 

the peak tailing and broadening. To avoid/minimize Joule heating, normally the use of capillaries 

having small internal diameters (ID of 25-50 μm) is preferable  since they offer high surface over 

volume ratio, leading to faster heat dissipation [11]. An increase in IS of the BGE generally results 

in current increase and therefore Joule heating generation [12]. To dissipate the heat generated 

during a CE run, the CE instrument is normally equipped with a cooling system using air or liquid, 

which thermostats the capillary. While liquid cooling is reported more efficient, under typical 

conditions of less than 5 to 7 W/m power generation, air cooling is sufficient [13].  
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So far, four modes of detection are commercially available for CE, including UV, fluorescent 

(laser-induced fluorescence (LIF) and LED-induced fluorescent (LEDIF)) detection, conductively 

coupled contactless conductivity detection (C4D), and mass spectrometry (MS). Each detection 

type requires different criteria of BGE compositions for its best performance. Table 2 summarizes 

the BGE normally used for each detection mode. The UV and LIF detectors detect the analyte 

directly in the capillary via an optical window created on capillary by eliminating the coating. With 

UV detection, the absorbance of the analytes is measured with the light that passes through the 

optical window at the predefined wavelength in the UV range [6]. With LIF and LEDIF detection 

modes, the sample is excited with a laser source or a LED source, and the fluorescence emitted by 

the analyte in the sample is subsequently measured by a photodetector [14]. In C4D, no optical 

window is required as the electrodes are positioned outside and along the capillary to form a series 

of capacitors and resistors. By applying an alternative voltage at a high frequency (typically more 

than 300 kHz), the resistance of the solution changes when the ions pass through the electrodes, 

leading to a change of the resulted alternative current [15]. The signal in C4D is then dependent on 

the difference between the conductivity of the target analytes and that of the BGE. With the off-

capillary MS detection, the mass over charge (m/z) values of ions from target analytes are achieved 

after their ionization upon exiting the end of capillary after CE separation [6].  

Table 2: The typical BGEs used for each detection mode. 

Detection 
mode for 

CE 

Typical BGE 
composition 

Advantages Limitations References 

UV 
detection 

Compounds 

with no or little 

UV absorption. 

Typically small 

inorganic ions 

such as borate, 

phosphate, etc. 

Simple, no need for 

forefront derivatization 

Creation of an optical 

window required, risk 

of capillary breaking. 

Low sensitivity 

(typically 1 µM 

LOD). 

High electric current 

(thus Joule heating) 

when using BGEs at 

high IS for CE. 

[6, 16] 
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Fluorescent 
detection 

Compounds 

normally used 

for CE-UV.  

Other organic 

compounds can 

be also used, 

such as citrate, 
2-Amino-2-

hydroxymethyl

-propane-1,3-

diol (Tris), etc. 

High sensitivity (down to 

sub nM ranges) and high 

selectivity (thanks to 

fluorescent tagging). 

Creation of an optical 

window required, risk 

of capillary breaking. 

Forefront labelling 

step requirement. 

Joule heating at high 

IS buffer (similar to 

the problem 

encountered with 

BGE for CE-UV). 

[14, 17, 18] 

C4D Compounds 

have low 

specific 

conductivities. 

BGEs are 

normally 

composed of 

organic weakly 

charge 

molecules, 

such as Tris, 

histidine, etc.  

Simple, and 

straightforward.  

No need for optical 

window.  

No derivatization needed. 

Can be used for detection 

of non or poor UV 

absorbing analytes.  

BGE has low 

conductivity, generating 

low electric currents to 

minimize Joule heating.  

Bulk detection with 

no selectivity (thus 

CE separation is 

required). 

Low sensitivity 

(typically 1 µM LOD)  

[19, 20] 

MS BGE contains 

no inorganic 

salts.  

Use volatile 

High sensitivity and 

selectivity. 

Structural information 

provided. 

Complicated  

Expensive 

instrumentation. 

Unstable currents and 

[21-23] 



 

50 

small 

compounds 

such as formic 

acid, 

ammonium 

hydroxide, 

acetic acid, etc.  

failure of CE-MS 

coupling frequently 

encountered. 

 

2.1.2 Electrophoretic mobility 

The electrophoretic mobility μep (cm2.V-1.s-1), reflecting the displacement of a charged species 

under the electrical field, measures the influence of the electric field (E) on the speed (v) of a 

charged particle. It is constant and specific to each compound and the electrolyte. The 

electrophoretic mobility of a charged species is dependent on its hydrodynamic radius Rh, its 

charge q, and the buffer’s viscosity η [24], defined as: 

𝑒𝑒𝑒𝑒 =
𝑞𝑞

6𝜋𝜋 × 𝑅𝑅ℎ × 𝜂𝜂
 (1) 

Accordingly, the electrophoretic mobilities are higher for more charged and smaller-sized species. 

While the negative or positive ion with its own charge q is attracted towards the electrode of 

polarity opposite to its charge, a neutral species, for which q is zero, has no electrophoretic mobility, 

and thus velocity of zero. The velocity ν (cm.s-1) of a charged species indeed depends on the 

electrophoretic mobility of the species and the electric field E (V.cm-1) [25], and can be calculated 

according to equation (2) 

𝑣𝑣 = 𝜇𝜇𝑒𝑒𝑒𝑒 𝑥𝑥  𝐸𝐸 (2) 

 

2.1.3 Electroosmotic flow  

2.1.3.1 Principles of EOF 

The fused silica capillary used in CE contains silanol groups (Si-OH) on its internal wall’s surface. 
The inner wall of capillary is normally negatively charged due to the ionization of surface to form 

SiO- groups when pH of the BGE filled inside the capillary is superior to 3 [13]. A double layer of 
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cations from the BGE is then created to balance the negative charge of the capillary’s internal 

surface. It leads to formation of the Stern layer binding to the inner capillary wall and a diffuse 

layer. As a result, a surface potential between the double layer is generated, called the zeta potential 
(ζ), which is described as: 

 (3) 

With: 

δ: thickness of the double layer  

σ: density of surface charges of the capillary   

εr: dielectric constant of the electrolyte 

εo: permittivity of the vacuum  

R: ideal gas constant  

T: temperature (K) 

I: ionic strength of the electrolyte  

F: Faraday constant  

Upon application of an electrical field, the cations forming the double-layers are attracted toward 

the cathode. Their movement drags a bulk solution in the capillary also toward the cathode, called 

EOF. The EOF can be described according to equation below: 

 (4) 

 

With:  

εr: dielectric constant of the electrolyte 

εo: permittivity of the vacuum 

η: the buffer’s viscosity 

ζ: zeta potential 

E: electrical field (V) 

with 
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In practice, 𝜇𝜇𝑒𝑒𝜇𝜇 is calculated following the equation (5), by measuring the migration time of a 

neutral molecule (e.g., dimethyl sulfoxide (DMSO)).  

𝜇𝜇𝑒𝑒𝜇𝜇 =  
𝑙𝑙 × 𝐿𝐿

𝐸𝐸 × 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 (5) 

With: 
L, l: total length and effective length (the length from the injection end of the capillary to the 

detector) of the capillary (cm), respectively. 

E: electrical field (V) 

tDMSO: migration time of DMSO (s) 

It is revealed that the μeo value obtained with a fused  silica capillary increases rapidly in the pH 

from 4 to 8 where the silanol sites begin to dissociate and starts to level off at pH higher than 8 

where silanols are almost fully dissociated [26, 27].  

 

 

 

 

 

Figure 25: The separation of negative, positive, and neutral ions with the presence of EOF inside 
the capillary [13]. 

Compared to the parabolic profile of the hydrodynamic flow in chromatography, the displacement 

of the bulk solution by EOF has a flat profile, therefore the diffusion during separations is limited. 

The positively charged analytes migrate toward cathode in the same direction as EOF, while the 

negatively charged ones migrate electrophoretically against the EOF direction (Figure 25).  

As a consequent, the apparent migration of an ion inside the capillary under an electrical field is 

due to its electrophoretic mobility and the electroosmotic mobility (µeo). The apparent mobility 

μapp (cm2.V-1.s-1) of an ion is accordingly calculated with the following the equation (6) 

𝜇𝜇𝜇𝜇𝑒𝑒𝑒𝑒 = 𝜇𝜇𝑒𝑒𝜇𝜇 +  𝜇𝜇𝑒𝑒𝑒𝑒 =  
𝑙𝑙 × 𝐿𝐿
𝐸𝐸 × 𝑡𝑡

 (6) 
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With: 

L, l: total length and effective length (the length from the injection end of the capillary to the 

detector) of capillary (cm), respectively. 

E: electrical field (V) 

t:  migration time (s) 

A strong EOF can accelerate much the migration of cationic analytes because both electrophoretic 

migration and electroosmotic flow are in the same direction. When the EOF is too strong, the 

analytes can be pushed out by EOF before being separated, resulting in poor separation resolution 

in this case. Regarding the anionic compounds, which migrate electrophoretically towards the 

anode, if their 𝜇𝜇𝑒𝑒𝑒𝑒 are stronger than EOF (see equation above), their apparent migration direction 

is against EOF towards the anode. Reversely, they are pushed gradually by EOF toward the 

cathode. Note that when the capillary internal surface is modified, for example due to adsorption 

of analytes on the fused silica capillary wall, the EOF is changed and/or fluctuates, resulting in 

unsatisfied repeatability and/or separation efficiency [28]. In many cases, suppression of EOF is 

preferable to allow better performance in CE separation. Different strategies to suppress EOF based 

on the effective factors shown in equation (4) are accordingly described below. 

2.1.3.2 Strategies to suppress EOF 

Commonly used strategies to suppress EOF relying on these parameters are summarized in Table 
3. 
Table 3: Some established methods to suppress EOF. 

Parameters Effect Advantages Considerations References 

pH of the 

BGE 

Decrease EOF 

at acidic pH 

Increase EOF at 

basic pH. 

Simple and effective way 

to modulate EOF up to 1x 

10-3 (cm2/V.s). 

Possible 

denaturation of 

proteins, peptides at 

acidic pH. 

 

[26] 

Ionic 

strength of 

Decrease EOF 

at high IS or 

high salt 

EOF modulation in wide 

range of pH  

High current, Joule 

heating when the 

conductivity of the 

[29-33] 
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the BGE concentration.  EOF suppression to 0.47 

x 10-5 (cm2/V.s) at pH 

4.5. 

BGE increases too 

much. 

Viscosity of 

the BGE 

Decrease EOF 

at high 

viscosity. 

Wide range of pH 

application 

EOF suppression to 10 x 

10-5 (cm2/V.s) at pH up to 

10.5. 

Hard to find the 

BGE with suitable 

viscosity and 

compatible with CE. 

More difficult to 

remove BGE from 

the capillary after 

analysis. 

 [34-36] 

Coating 

capillary 

Decrease EOF 

by covering the 

negative charge 

of capillary 

wall. 

The best effective EOF 

suppression is so far 0.1 x 

10-5 (cm2/V.s) at acidic 

pH.   

Dynamic coating: cost-

effective, easy to 

removal by washing after 

analysis and 

regeneration. 

Permanent coating: 

stability, no need to add 

additives in buffer to 

maintain the coating 

layer, MS compatibility. 

Dynamic coating: 

Unwanted 

interaction between 

analytes and coating 

reagents in the BGE. 

Permanent coating: 

Limited lifetime 

Laborious protocol 

for preparation of 

some coatings. 

[37-44] 

 

The most commonly used strategies to suppress EOF include modification of the pH and/or IS of 

the BGE and capillary coating. Numerous studies reported the use of capillary coating for reduction 

of analyte adsorption and EOF suppression [45]. The coating strategies are classified into two 
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categories: dynamic and permanent coating. The coating layer can reverse the capillary inner 

surface charge from negative to positive, leading to reversion of EOF direction, or cover the 

negative charge of capillary’s wall with a neutral layer, therefore suppressing the EOF [38]. For 

dynamic coating strategies, the additives are added into the BGE, and create a temporary coating 

on the capillary inner surface during the CE separation [39]. Some commonly used additives for 

dynamic coating include sodium dodecyl sulfate, cetyltrimethylammonium bromide (CTAB), and 

polymers such as polyethylene oxide (PEO), polyvinyl alcohol (PVA), and dextran [28, 41, 42]. 

For the permanent coating, the coating layer irreversibly attaches to the capillary’s wall by 

hydrophobic, electrostatic force, hydrogen bonding [43] and/or covalent bonding by modifying the 

silanol surface [38]. The coating strategies can suppress the EOF down to 0.1-0.5 x 10-5 (cm2.V-1.s-

1) [37, 44]. Recently, coating strategies using nanoparticles (NPs), especially polymer NPs have 

drawn much attention since they have many advantages (Figure 26). These particles form stable 

suspensions in water and in BGE. Thanks to their variety of functional surface groups and high 

surface-to-volume ratio, they may provide diverse chemical groups and charges (negative, positive 

and neutral one) as coating materials and display high adhesion to the fused silica capillary surface 

due to electrostatic as well as nonspecific interactions [46]. 

 

 

 

 

 

Figure 26: Schematic presentation of capillary coated by poly(glycidyl methacrylate) (PGMA) 
nanoparticles functionalized with β-cyclodextrin [47]. 

In the second strategy using high IS of the BGE to suppress EOF [27, 31],  the high quantity of 

ions inside the capillary results in compression of the double layer on the capillary inner wall, and 

thus decrease of  the zeta potential, leading to EOF suppression (Figure 27). µeo can be decreased 

down to 0.47 x 10-5 (cm2.V-1.s-1) by employing BGE IS up to 150 mM [33].  

Regarding the strategy to use viscosity of the BGE to suppress EOF, glycerol-water with the ratio 

of 30: 70 (v/v) was often used to suppress effectively EOF in bare silica capillaries in a wide range 

of pH application (from 3 to 10) [34-36]. This glycerol-water mixture results in a lower dielectric 

constant of the medium and thus lower zeta potential. The lowest µeo obtained was 10 x 10-5 
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(cm2.V-1.s-1) at pH 10.5. Furthermore, this strategy using glycerol-water is compatible with 

subsequent MS. Other viscous gels such as PEO or acrylamide-based hydrogel were also used at 

the anodic end of the capillary to stop the electroosmotic pumping effect which allows to obtain a 

zero net-flow during CE separation [48, 49].  

The dependence of µeo on electrical fields and temperature was reported elsewhere in the 1990s 

[29, 50, 51]. While the electrical field induced an additional charge on the inner capillary surface, 

which in turn effects the ζ potential, and therefore µeo; a high temperature affects EOF indirectly 

through the temperature-induced change of the BGE viscosity. Nevertheless, these strategies are 

not widely used in studies nowadays.  

 

 

 

 

 

 

 

Figure 27: Influence of the buffer concentration and electric field strength on the EOF in a 50 
µm capillary. Na2HPO4 concentrations in the BGE: a = 0.01 M; b = 0.02 M, c = 0.05 M [51]. 

2.2 SOME SELECTED FOREFRONT ELECTROKINETIC PRECONCENTRATION TECHNIQUES 
IN CE 

To overcome the limitation of low detection sensitivity when working with CE, several 

preconcentration approaches have been investigated [52]. This chapter will present three particular 

modes of electrokinetic preconcentrations that have been frequently used for CE and are directly 

linked to the experimental scope of this thesis, including field-amplified sample stacking 

(FASS)/field-amplified sample injection (FASI), large volume sample stacking (LVSS), and 

isotachophoresis (ITP). 

2.2.1 Field-amplified sample stacking (FASS) and field-amplified sample injection (FASI) 

Since 1979, Mikkers et al reported for the first time the sharper peak obtained when the analyte 

was diluted in water instead of BGE [53]. This phenomenon, named FASS, can be explained that 
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when an ion migrates from a low-conductivity medium (e.g., water) into a BGE at higher 

conductivity, it will slow down dramatically at the boundary of the two solutions and stack into a 

narrow band (Figure 28) [7].  

 

 

 

 

 
 
 

Figure 28: The working principle of field-amplified sample stacking [54]. 

Indeed, as the analyte’s velocity is directly proportional to field strength, the ion will accelerate 

when it goes from low resistance (high conductivity) to high resistance (low conductivity) and vice 

versa. FASS is supposed to be the simplest electrokinetic preconcentration method and normally 

occurred concurrently with other modes of preconcentration/separation in CE when working with 

analytes prepared in another medium other than the BGE. 

Nevertheless, there are some considerations when using FASS. First, low conductivity buffer 

cannot be reached for all biomolecule samples. Second, if the sample plug is long, the gradient in 

electric field needed for stacking causes a gradient of electroosmotic velocity that generates a 

laminar flow inside the capillary. The laminar flow will broaden the sharp stacking peak and at the 

same time decrease the capillary length for separation, therefore reducing the resolution. Hence, 

the maximum sample injection volume is limited to about 3–5% of the capillary volume, resulting 

in modest enrichment factors [55, 56].  

The working principle of FASI is similar to that of FASS. The only differences between them are 

from the injection step. With FASS, sample injection is done via pressure application, whereas in 

FASI, the injection is carried out via application of an electrical field while the capillary end is 

dipped in the sample vial [56]. Positive or negative voltage is applied depending on the charge of 

analytes. As little sample matrix is coinjected by electrokinetic injection, the injection time can be 

longer and this technique can provide exceptionally high preconcentration factors (up to 1000 

times) [57]. Nevertheless, FASI can be applied for only fast migrating analytes and the injection 
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sample volume is hardly defined since it is not proportional to the injection time [58]. Moreover, 

the ions with high mobility will be favorably introduced to capillary and stacked at injection point 

compared to slow ones, leading to stacking bias [59]. 

2.2.2 Large volume sample stacking (LVSS) 

In the 1990s, the LVSS was designed by Chien and Burgi to overcome the small injection volume 

in FASS which limits the sensitivity of CE. Similarly to FASS, the sample is prepared in a low 

conductivity buffer while the capillary is filled with a high conductivity BGE. The sample is 

hydrodynamically introduced to more than 5% of capillary length. To stack the long sample plug 

without decrease the separation resolution, it is necessary to remove the sample matrix after 

stacking. The LVSS technique allows removing sample matrix out of capillary during the stacking 

process [60]. When most of sample matrix is removed, the current increases as the low conductivity 

sample zone is replaced by the higher one of BGE, reaching 90-95% of BGE’s current [61].  

a)       b)      

 

 

 

 

 

 

Figure 29: The preconcentration step of large volume sample stacking: a) with electroosmotic 
pump; b) with polarity switching [59]. 

For sample removal purpose, the voltage is applied to push the sample matrix out at the injection 

end thanks to EOF and the sample will be stacked at the boundary of sample/BGE. Since the 

velocity of anions is lower than EOF when the capillary is filled with a low conductivity matrix, 

the direction of electrical field is as described in (Figure 29, step A). As the BGE penetrates more 

and more into capillary, the EOF will decrease gradually before reaching the stable value. Then, 

for anion separation, there are two strategies. The separation is taken by the electrophoretic 

mobilities of anions if they are higher than EOF when the capillary is filled with BGE, well known 

as LVSS with electroosmotic pump (LVSEP) (Figure 29a). Contrary, the polarity must be switched 

if the EOF is significantly higher than the electrophoretic mobilities of anions. The later strategy is 

Anion analytes in the  
low conductivity buffer 

High conductivity 
BGE 
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named LVSS with polarity switching (Figure 29b) [59]. The fundamental of this method is that the 

electrophoretic mobilities of the analytes must be opposite to that of the EOF. Hence, for cation 

stacking by LVSS, capillary coating or an additive should be used to reverse the direction of EOF. 

Note that large amount of other sample components can be also concentrated in LVSS, which may 

degrade the separation and mask the interested analyte.   

2.2.3 Isotachophoresis (ITP) 

ITP is an electrokinetic preconcentration method based on a discontinuous electrolyte system.  

 

 

 

 

 

 

Figure 30: Illustration of ITP conditions (a) initial conditions and (b) ITP separation and 
preconcentration [62]. 

The analyte migrates between a leading electrolyte (LE) and a terminating one (TE), with the 

migration order according to their effective mobilities (e.g., LE co-ion having the highest mobility, 

followed by the mobility of the analyte and then TE co-ion having the lowest one) (Figure 30). The 

ITP has two interesting features: (i) the self-sharpening effect and (ii) electrophoretic memory 

effect. For the self-sharpening effect, the velocity of an ion in each ITP zone is at a steady-state. 

The electrical field is self-adjusting to maintain its constant velocity. Following the equation (2) 

(part II.1.2), the lowest field across the zone having highest mobility of ions. If an ion diffuses into 

a neighboring zone, its velocity changes and it immediately returns to its own zone. Consequently, 

the dispersion is minimized by keeping their sharp boundaries between the zones and therefore the 

resolution is optimized. For electrophoretic memory effect, when one zone is replaced by another 

with different compositions, the concentrations of ions adjust in a defined way and usually remain 

in the same order of magnitude. When an analyte electromigrates from a zone having a low ions 

concentration into another having a higher one, its concentration is accordingly adjusted to a new 

higher value. This property of ITP is used as the preconcentration step [63, 64]. 

Anion analytes in sample 
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2.3 CE OF SOME TARGET BIOMOLECULES AND MAGNETIC NANO PARTICLES (MNPS) 

CE is one important method for separation and characterization of biomolecules [65] and 

nanoparticles [66]. As the categories of biomolecules and nanoparticles are very large, we keep our 

focus on those that are directly related to the work done in the context of this thesis, including 

nucleic acids, amyloid beta peptides (used as biomarkers for molecular diagnosis of Alzheimer’s 

disease) and MNPs. 

2.3.1 CE of DNA analysis  

 

 

 

 

 

 

 

Figure 31: Polydeoxyribosenucleotide structure of a DNA strand (Encyclopedia Britannica, Inc). 

For DNA analysis (see Figure 31 for the typical structure of a DNA), CE was developed as an 

alternative method for standard slab gel electrophoresis to offer many advantages such as higher 

sensitivity and resolution, faster operation, and faster data treatment [67, 68]. A variant of CE, 

capillary gel electrophoresis (CGE), was commonly used to separate the single-strand (ssDNA) or 

double-strand (dsDNA) fragments with different lengths from several base pairs to hundred base 

pairs, as well as evaluate the purity and modification of oligonucleotides and PCR products [68, 

69]. CGE employs a gel in the BGE as a molecule sieve to separate the molecules by size. When 

they go through the sieve net, the larger molecules are hindered more than the small ones. This 

method allows baseline separation of DNA fragments thanks to the polymer sieve [13]. An ideal 

matrix for DNA analysis with CGE should have high hydrophilicity, high concentration, low 

viscosity to loading and replacement and stability [70, 71]. The linear polyacrylamide (LPA) and 

hydroxyethyl cellulose (HEC) are two gel candidates for DNA, able to extend and strengthen a 

robust entanglement thanks to their higher hydrophilicity than other polymers [72, 73].  

For DNA detection after CE separation, UV detection is normally used at the wavelength of 
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260/280 nm [74]. LIF detection is also a commonly used method to improve the sensitivity of DNA 

detection. In this case, DNA staining is needed. Intercalating dyes, notably ethyl bromide, 

propidium iodine, mono and bis-intercalating cyanine (e.g., SYBR Green, YOYO-1), are normally 

used for this purpose [75]. Other fluorophores such rhodamine derivatives are also used for DNA 

labeling prior to their LIF detection. These compounds can be added to the BGE [76]. They can 

also covalently attach to the DNAs to render them fluorescent prior to their electrophoretic 

separation [77]. Other DNA staining molecules were also proposed as an alternative to the toxic 

ethyl bromide, notably GelGreen, and SYBR safe [72]. A summary of different CE approaches for 

DNA analysis and characterization can be found in the Table 4 and commonly used electrokinetic 

preconcentration methods in Table 5. 

Table 4: Commonly used CE modes to for separation of DNAs. 

CE mode Compound Buffer used Remarks/Refs 

CGE-LIF 100bp DNA 

ladder. 

 

30 mM Tris, 9.5 mM H3PO4, 2 mM 

EDTA, 4.5% HEC and fluorescent 

dye (Gelgreen or YOPRO-1), pH 7.3. 

For Gelgreen: 

LOD: 6.4 pg/μL 

LOQ: 21.2 pg/μL 

Resolution < 2.1 bp 

for fragments 18- 

100 bp DNA [72]. 

CGE-UV 

and CGE- 

LIF 

50bp and 100bp 

DNA. 

Tris-phosphate-EDTA buffer (TBE) 

containing 2-hydroxyethyl cellulose 

(HEC) at pH 7.3. 

Rinse capillary by 1% PVA before 

sample injection. 

LOD and resolution 

not mentioned [78]. 

CGE-LIF DNA fragments 

<70 bp. 

TBE buffet at pH 6.5 containing LPA 

2-8%. 

Resolution: 1.62 or 

5 bp  

LOD not mentioned 

[73]. 

CGE-LIF 131, 151, 170 and 20 mM Tris, 10 mM phosphoric acid, LOD: 125 pM [79]. 
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194 bp dsDNA. 2 mM EDTA, and 4.5% HEC at pH 

7.3. 

CGE-LIF ΦX174-Hae III 

digest DNA (11 

fragments: 72, 

118, 194, 234, 

271, 281, 310, 

603, 872, 1078 

and 1353 bp). 

TBE buffer at pH 7 containing PVP 

6%. 

LOD: 0.1 ng/μL 

Resolution not 

mentioned [80]. 

CGE-LIF DNA standard 

sample FX174 

DNA–Hae III 

digest. 

TBE buffer at pH 8.3 (89 mM   boric   

acid, 89 mM   Tris, and 2.0 mM 

EDTA) and 3mg/mL added ethyl 

bromide dye. 

Copolymer gel F127 

(PEO99PPO69PEO99) in TBE and 1-

butanol. 

LOD and resolution 

not mentioned [81]. 

CGE-LIF DNA extracted 

from cells. 

TBE buffer containing 1mM/L YO-

PRO-1 and 1.2% HEC (w/v), pH 8.3. 

Capillary coated by LPA. 

LOD and resolution 

not mentioned [82]. 

CGE-LIF 8.27 to 48.5 kbp 

DNA and λ-DNA 

0.12 to 23.1 kbp. 

10 mM Glycine-citrate buffer at pH 

7. 

Capillary coated by gold-NPs 

immobilized with PEO. 

Resolution is 10.1 

for 2027 bp and 564 

bp [83]. 

CGE-LIF DNA ladder 2, 5% PVP: HEC (5: 95) solution is 

diluted in 100 mM TAPS pH 8.0 and 

7.1 M urea, pH 8.4. 

Resolution: 1.3 bp 

for fragments 139–

160 bp and 4.6 bp 

for fragments > 400 
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bp [84]. 

 

Table 5: Commonly used methods for electrokinetic preconcentration of DNAs. 

CE mode Compound Buffer used Remarks/Refs 

ITP-LIF Standard: Salmon 

sperm DNA 

fragments 200 bp 

and 2000bp 

Sample: DNA 

from a crude yeast 

cell lysate. 

LE: 160 mM creatinine, 40 mM 

oxalic acid, 0.5% HPMC, and 0.25% 

Triton X-100 in water. 

TE: 10 mM TAPS and 10 mM Tris 

base. 

Enrichment factor: 

34 folds for 

standard and 12 

folds for samples 

[76]. 

ITP-LIF DNA 200bp from 

blood. 

LE: 375 mM Tris and 250 mM HCl 

at pH 7.8. 

TE: 25 mM Tris and 25 mM serine 

at pH of 8.7. 

Enrichment factor 

100 folds [77]. 

ITP-LIF DNA 200bp from 

blood. 

LE: 250 mM HCl and 375 mM Tris 

at pH 7.8.  

TE: 25mM serine and 25mM Tris at 

pH 8.7. 

Enrichment factor 

not mentioned [85]. 

ITP-LIF Salmon sperm 

DNA. 

LE: 0.01% Tween 20 in 40 mM 

MES and 20 mM NaOH at pH 6.0.  

TE: 0.01% Tween 20 and 500 nM 

SYTO 64 in 36 mM 6-aminocaproic 

acid and 18 mM HCl at pH 4.4. 

Enrichment factor 

not mentioned [86]. 

ITP-LIF  ssDNA and an 

RNA ladder. 

LE: 30 mM HCl, 60 mM Tris, 1% 

PVP, 4 M urea, and 2.5% HEC. 

Enrichment factor 

not mentioned [87]. 
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TE: 30 mM HEPES, 60 mM Tris, 10 

mM aspartic acid, and 1% PVP. 

ITP-LIF  Scaffolded DNA 

origami. 

LE: 15 mM HCl and 30 mM 

imidazole, pH 7.0. 

TE: 20 mM HEPES and 35 mM 

imidazole pH 7.0. 

Enrichment factor 

150-folds [88]. 

ITP-LIF  DNA and cDNA. LE 1: 250 mM HCl, 500 mM Tris, 5 

mM MgCl2, 0.1% PVP, 10% 

formamide, and 0.01% Tween20. 

LE 2: 250 mM HCl, 500 mM Tris, 

and 25% Pluronic F-127. 

TE : 5 mM HEPES, 50 mM Bis–tris, 

1% PVP. 

Enrichment factor 

30-folds [89]. 

ITP-FLD PNA probes-

DNA complexes. 

LE: 200 mM HCl, 400 mM Bis, and 

1% PVP 

TE: 10 mM MES and 20 mM bistris 

Enrichment factor 

2-folds [90]. 

Microchip 
CGE-LVSEP 

φX174/HaeIII 

digest. 

0.5–2.0% (Hydroxypropyl)methyl 

cellulos and 0–3.0% D-mannitol 

dissolved in 0.5–1 TBE buffer (pH 

8.0–8.3). 

PVA-coated channel. 

Enrichment factor 

74 to 108-folds 

[91]. 

CGE-UV- 
LVSS 

ϕ174 RF DNA-

HaeIII digest or 

the mixture of 

pBR 322/HaeIII, 

pBR328/BglI,  

and pBR  

2.5% PEO + 400 mM TB buffer, pH 

10.0  

Enrichment factor 

400 -folds [92]. 
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328/HinfI  

digests. 

 

2.3.2 CE of MNPs 

A summary of the CE approaches and their variants in the microchip format for characterizing and 

electrokinetic preconcentrating MPs is presented in Table 6 and Table 7. CZE is one of the powerful 

techniques to characterize MNPs as well as to monitor their interaction with the (bio)molecules. 

UV detection (normally at 200 nm or 254 nm) was commonly used for characterization of MNPs’ 

size and surface charge [93]. LIF detection was used sometimes for engineered MNPs conjugated 

with fluorescence group [94]. The inductively coupled plasma-MS (ICP-MS), was also used in CE 

to provide additional information about the interaction between MNPs and biomolecules [95, 96].  

Table 6: The CE modes to characterize the MNPs. 

CE mode MNPs composition 
and size 

Buffer used Remarks/References 

CZE-UV Bare (7-13 nm) and 

MNPs (10 nm) 

functionalized with 

carboxylic group. 

10 mM Tris-nitrate 

containing 20 mM of 

tetramethylammonium 

hydroxide at pH 9. 

Characterization of surface 

chemistry and separation 2 

groups of MNPs in 10 minutes 

[93]. 

CZE-UV MNPs 

functionalized with 

carboxylic group (75 

nm). 

10 mM borate/NaOH 

pH 9.5. 

Studying the stacking effect on 

NPs.  

MNPs’ mobility and double 

layer thickness decrease due to 

the increase of IS buffer [97]. 

CZE-ICP-
MS 

MNPs 

functionalized with 

carboxylic group (7 

nm). 

25 mM phosphate 

buffer at pH 7.4. 

Study of interactions between 

carboxylated MPs and 

polymyxin B from 0-250 M/L 

[96]. 

CZE-UV MNPs 20-30 nm Na2SO4 –NaOH (pH 

10.8) and Na2SO4–Na3 

Studying the electrophoretic 

mobility and aggregation of 
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citrate (pH 7.1). MNPs in different buffer and pH 

[98]. 

CZE-UV MNPs 

functionalized with 

NH2/PEG  

Capillary coating with 

didodecyldimethyl-

ammonium bromide 

165.9 mM Tris/100 mM 

HCl buffer at pH 8  

Characterization of charge-

based of bifunctional MNPs, the 

dependence of electrophoretic 

mobility on charge and amino 

group density [99]. 

CZE-LIF MNPs 

functionalized with 

carboxylic or 

aminopropyltrimeth-

oxysilane groups 

(hydrodynamic 

radius 163-194 nm) 

100 mM sodium borate 

buffer at pH 9.2. 

Characterization of conjugation 

efficiency of antibodies and 

proteins to MNPs [94]. 

CZE-ICP- 
MS 

Polymer MNPs 

functionalized with 

different terminal 

groups (carboxyl 

and amino). 

20 mM ammonium 

bicarbonate at pH 7.4. 

The study of MNPs interactions 

with proteins and their changes 

under analysis conditions (e.g., 

pH, buffer, etc.) [95]. 

CZE-UV MNPs 6-10 nm Capillary coated with 

hydroxypropylcellulose 

or hexadimethrine 

bromide or 

didodecyldimethylamm

-onium bromide 

10.5 mM β-alanine 

buffer +10 mM HCl at 

pH 2.9. 

Characterization of size-

dependence of MNPs on 

electrophoretic mobility and 

analysis conditions [100]. 

CZE-UV Polyacrylic acid 10 mM borate buffer at Characterization of the 
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coated MNPs 8-10 

nm. 

pH 8.3. interaction between MNPs and 

proteins [101]. 

CZE-UV MNPs 

functionalized with 

carboxylic group 

100 nm. 

Sodium borate buffer 

pH 9.2 at different ionic 

strengths. 

Studying the surface charge and 

electrophoretic mobility of 

MNPs under analysis conditions 

[102]. 

CZE-LIF Fluorescent MNPs 

functionalized with 

poly(hexadecyl 

cyanoacrylate); 

PLA; PLA-b-PGE 

(163 nm; 105 nm; 

110 nm, 

respectively). 

80 mM phosphate 

buffer pH 7.4. 

Monitoring of NP interaction 

with Aβ1-42 monomers [103]. 

CE-LIF Fluorescent aptamer 

MNPs 

(hydrodynamic 

radius 79.1 ± 4.2 

nm). 

100 mM MOPS buffer 

pH 7.3. 

Quantitative study of lysozyme-

binding aptamer conjugated to 

fluorescent MNPs. Binding site 

number, constant and affinity 

are also studied [104].  

 

Table 7: Electrokinetic preconcentration techniques for CE characterisation of MNPs. 

Analytes Techniques Preconcentration 

Effect (LOD/LOQ) 

References 

MNPs 75 nm  CE-UV-FASS 76 [97] 

MNPs 75 nm CE-UV-FASI 860 [105] 

MNPs 80 nm CE-UV-Dynamic pH junction 12 [106] 

 
2.3.3 CE of amyloid beta peptide 

Alzheimer's disease (AD) is a progressive neurologic disorder. It is the most common state of 
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dementia (60-70% cases), which is a continuous decline in memorizing, thinking, behavioral and 

social skills that affects a person's ability to live independently. AD affects 50 million patients 

worldwide in 2019 and will reach 139 million by the year 2050. AD could be a huge burden for 

medical service and social budget, costing about 2,8 trillion dollars in 2030 (World Alzheimer 

report 2021). Increasing age is the greatest known risk for AD since the majority of patients are 65 

years old and over. The AD progresses over years, even decades, in silence before having a 

symptom when the loss of memory is irreversible and interferes deeply with the patient’s daily life. 

There is so far no definitive cure for AD. However, there are some medicaments validated by Food 

and Drug Administration (FDA) in AD treatment, divided into two categories: (i) drugs that may 

change disease progression in AD patient, and (ii) drugs that may temporarily mitigate some 

symptoms of the disease. For the former class, aducanumab (Aduhelm) and lecanemab (Leqembi) 

are the first two drugs accepted recently by FDA. They are the anti-amyloid antibody, able to 

remove amyloid from the brain, reducing the cognitive and functional decline in AD patients. It is 

indicated for people with mild cognitive impairment (MCI) or mild state of AD who also have 

evidence of a buildup of amyloid plaques in the brain [107]. For second class, the drugs in the 

acetylcholine esterase inhibitor group such as galantamine, donepezil, and rivastigmine are 

administrated for long time. These inhibitor drugs block the normal break down in AD patients, 

leading to the increase of acetylcholine’s concentration in the space between synapses, in order to 

have only modest effect on dementia symptoms [108].  

The cause of the disease is supposed to be linked to the formation of abnormal structure called 

plaque and tangles, which is suspected to damage the neurons and killing neural cells. It is related 

to a proteolytic process of the amyloid precursor protein (APP) which leads to the formation of 

different isoforms of amyloid beta (Aβ) peptides. The fragments Aβ1-42 and Aβ1-40 have 

respectively 42 and 40 amino acid-length and possess high tendency (especially Aβ1-42) to 

aggregate to form oligomers, then fibrils and finally senile plaques, leading to reduction of cerebral 

clearance. This accumulation activates the neurotoxic signaling pathways, leading to neuron death 

[109, 110].  

So far, the drug development for AD treatment encounters several challenges, including (i) 

ineffectiveness treatment due to late detection since the neuron damage is irreversible; (ii) difficulty 

in monitoring treatment process since the amyloid beta peptides and tau protein (another AD 

biomarker) exist more in cerebrospinal fluid (CSF) than in blood, leading to the difficulty in sample 

collection and (iii) lack of sensitive and selective methods for discrimination of AD from other 
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dementia due to very low abundance of biomarkers. Hence, novel analytical strategies for early AD 

diagnosis, partially based on Aβ peptide analysis, are always of utmost need in order to obtain the 

effective clinical AD assay and treatment. Among different analytical strategies developed for this 

purpose, CE is a promising one for Aβ peptide separation and detection. There are many CE 

strategies developed over 15 years to trace Aβ peptides in biofluids, which are presented in the 

following review. 

Review: Recent Electrokinetic and Microfluidic Strategies for Detection of 
Amyloid Beta Peptide Biomarkers: Towards Molecular Diagnosis of 
Alzheimer’s Disease  
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Abstract  

Among all neurodegenerative diseases, Alzheimer’s Disease (AD) is the most prevalent worldwide, 

with a huge burden to society and no efficient AD treatment so far. Continued efforts have been 

being made towards early and powerful diagnosis of AD, in the hope for a successful set of clinical 

trials and subsequently AD curative treatment. Towards this aim, detection and quantification of 

amyloid beta (Aβ) peptides in cerebrospinal fluid (CSF) and other biofluids, which are established 

and validated biomarkers for AD, have drawn attention of the scientific community and industry 

over almost two decades. In this work, an overview on our major contributions over 15 years to 

develop different electrokinetic and microfluidic strategies for Aβ peptides detection and 

quantification is reported. Accordingly, discussions and viewpoints on instrumental and 

methodological developments for microscale electrophoresis, microfluidic designs and immuno-

enrichment / assays on magnetic beads in microchannels for tracing Aβ peptides in CSF are given 

in this review.    
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1. Introduction 

Neurodegenerative diseases (ND), whether it is Alzheimer’s Disease (AD), Amyotrophic Lateral 

Sclerosis (ALS), Parkinson’s Disease or FrontoTemporal Dementia (FTD), are creating huge 

burden to the society and economy worldwide, affecting 150 million people and inducing a cost 

expected to reach 2 trillion USDs by 2030 1. Of all types, AD is the most prevalent one that affected 

more than 50 million of patients worldwide in 2018 and reaching 150 million by 2050 1. 

Unfortunately, there is so far no curative treatment of ND in general and AD in particular, which 

prevalence is expected to increase with the aging of the population. Most of these diseases are 

characterized by a slow degeneration progression and start several years or decades before the first 

symptoms appear. Despite the massive investment in AD drugs, there have been more setbacks and 

failures than treatment success. To have a chance of success, clinical trials of AD will need to be 

conducted early in the disease process, i.e. in prodromal or preclinical disease stages when damages 

are not too spread and are still reversible. Early and powerful diagnosis of AD is therefore 

primordial before any hope for efficient AD treatment can be set. 

 

For molecular diagnosis of AD and monitoring of AD evolution, the 42-amino-acid long amyloid 

β (Aβ 1−42) peptide in cerebrospinal fluid (CSF) has been used as an established biomarker as its 

concentration is decreased in the CSF of AD patients 2-4. Its quantification in CSF is nevertheless 

only one hallmark used in the molecular diagnosis of AD, and tendency is emerging to use 

combinations of various Aβ isoforms (notably Aβ 1−42 / Aβ 1−40) to improve the differential 

diagnostic power between AD and healthy subjects or to discriminate better AD from other NDs 5, 

6. The structures and some characteristics of some target Aβ isoforms for AD diagnostic purpose 

are presented in Fig. 1.  

 

Fig.1. Some key information on AD and structures of some target Aβ peptides 
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These Aβ isoforms, composed of a more hydrophilic N-terminal domain (1–16) and a hydrophobic 

C-terminal domain, are cleaved from the amyloid precursor protein (APP) by β- and γ-secretases, 

with the  predominant ones containing 40 and 42 residues (named Aβ 1-40 and Aβ 1-42, 

respectively)7,8. An Aβ concentration of < 500 pg/mL (0.1 nM) is indicative that this accumulates 

in the brain and does not circulate in the CSF, rendering determination of its level in CSF relevant 

for  prediction of the severity and progression at early or preclinical stages of AD 9. Aβ peptides 

are also present in blood. This gives potential for plasma Aβ detection as a simple and minimally 

invasive way for early diagnosis of AD 10. The plasma level of Aβ 1-42 (~20 pg/mL) is considerably 

lower than that in CSF 11. At the present stage, AD molecular diagnosis has nevertheless not 

reached the expected specificity and sensitivity (< 90 %) 12. Towards better sensitivity and 

selectivity for Aβ detection (in CSF and plasma), serving for reliable early AD diagnosis, continued 

efforts have been made to develop novel analytical strategies and improve the existing ones. Over 

15 years, we have developed several analytical strategies, focusing mostly on electrokinetic and 

microfluidic approaches for improvement of Aβ peptide detection and quantification. Herein, we 

review our efforts and achievements for this purpose, towards advancement of AD molecular 

diagnosis. 

2. A glance at the developments for Aβ peptides analysis detection  

In the years from 2001 to 2020, there have been 225 publications covering this topic, based on a 

search on the Web of Science with the keywords “Alzheimer’s disease” and “amyloid beta peptides 

analysis” or “Aβ 1-42 detection” for the titles. The attention paid by the research community grew 

rapidly in the period of 2001-2005, reaching a maximum in 2004, and then stayed stable year by 

year onwards. This can be attributed to achievement and recognition of immunoassays as a popular 

and efficient method for Aβ peptides quantification, and translation of scientific outcomes for this 

purpose into industrial products (i.e. commercial enzyme-linked immunosorbent assay (ELISA) 

kits for Aβ peptides detection). Among the methods for tracing Aβ peptides in CSF 7,13-15, 

immunoassays, notably ELISA 2,16,17, single molecule array (SiMoA) 18,19 and multi-analyte 

profiling assay (Luminex xMAP) 20 have been up to now the most practiced ones in clinical routine. 

Some considerations (if not drawbacks) for conventional immunoassays should be nevertheless 

considered (see 21,22), notably a lack of antibodies specific to all Aβ peptides of interest (other than 

those specific to the well-studied Aβ 1-40 and 1-42), and cross reactions of different truncated Aβ 

peptides with the antibodies employed. As improved sensitivity and selectivity are required for 

detection and quantification of Aβ peptides, continued efforts have been made to improve the 
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performance of existing methods or seek for innovative approaches, aiming at faster, more precise, 

non-invasive and earlier prediction (e.g. blood diagnosis) of AD likelihood. There are at least three 

StartUps that were founded in recent years to propose state-of-the-art technologies to detect 

Alzheimer's patients up to 20 years before the irreversible symptoms 23-25. In recent 

communications, different groups presented their advances in tracing Aβ peptides in either 

conventional CSF or blood / plasma matrices. Agnello et al.  for instance provided the evidence for 

diagnostic accuracy of CSF biomarkers for AD using the recently released chemiluminescence 

enzyme immunoassay 26. Other authors introduced in the last two years different electrochemical 

sensors and mass spectrometry (MS) platforms for ultrasensitive monitoring of Aβ peptides 27-31. 

Our group maintains an active role in this domain with the recent development towards 

albuminome biomarker identification for AD, relying on efficient extraction of intact human serum 

albumin (HSA)-Aβ peptide complexes from serum 32.  All these efforts, whether they come from 

scientific communities or industries / StartUps, target improvement of AD molecular diagnosis, 

rendering the patient's journey less complex, less time-consuming and less expensive. Also towards 

this aim, the international Federation of Clinical Chemistry and Laboratory Medicine (IFCC) has 

recently facilitated the standardization of CSF Aβ 1–42 measurements by ELISA and 

homogenization of results obtained from different clinical and research groups 33. This relies mostly 

on the introduction of the certified reference material (CRM), which is a well-characterized 

standard to validate the calibrators (i.e. Aβ 1–42 standard) for ELISA kits 34. Sharing the same 

objective, our group has recently proposed a novel type of Aβ 1–42 standard based on chemical 

modification of the native Aβ 1–42 to avoid / minimize aggregation of this peptide during sample 

treatment and analysis, while still preserving its intact immunoaffinity features for efficient and no-

bias ELISA measurements (patent pending) 35. 

3. Microscale electrophoresis for separation and quantification of Aβ peptides 

3.1. Capillary electrophoresis  

One of our major contributions to this domain is the development of electrokinetic approaches for 

preconcentration, separation and detection of Aβ peptides, aiming at providing a chemical 

(eventually antibody-free) alternative to conventional immunoassays. Both formats of microscale 

electrophoresis (i.e. capillary electrophoresis CE and microchip electrophoresis MCE) were 

targeted (see table 1).  
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Table 1: Typical electrophoretic and microfluidic strategies for separation and detection of Aβ  

peptides  

Analytical 
strategy Approach Sample treatment Aβ peptides Detection 

limit Applications 

Strategy 1: 
Microscale 

electrophoresis 

CE-UV 
36 

- 
Aβ 1-42, 1-40, 
1-39, 1-38, and 

1-37 
1 µM Monitoring of the aggregation 

process of Aβ 1-42 37-39 40 

CE-LIF 
41 
 

- 
Aβ 1-42, 1-40, 
1-39, 1-38, and 

1-37 
1 nM 

Monitoring of the interaction 
between nanoparticles and the 

Aβ peptides 42-46 
CE-LIF 

41 
 

Immunoprecipitation and off-
line labelling Aβ1-42/ Aβ1-38 0.1 nM Discrimination between AD 

patients and healthy persons 41 

CE-LIF 47 
Immuno-enrichment - on-

bead fluorescent labelling - 
thermal elution 

Aβ1-42, Aβ1-40, 
Aβ1-38 0.1 nM Discrimination between AD 

patients and healthy persons 47 

ITP-UV 
48 

- Aβ1-40 700 nM - 

Multiple-ITP-UV 
49 

- Aβ1-40 50 nM - 

ITP-MS  
50 

Off-line fluorescent labelling 
of peptides 

Aβ1-40, Aβ1-42, 
Aβ1-38 0.1 nM Discrimination between AD 

patients and healthy persons 50 

Multiple LVSEP-
LIF 51 

Off-line fluorescent labelling 
of peptides 

Aβ 1-42, 1-40, 
1-38, 2-40, and 

5-40 
0.05 nM Discrimination between AD 

patients and healthy persons 51 

MCE-UV 
52  - 

Aβ 1-37, Aβ 1-
38, Aβ 1-39, Aβ 
1-40, and Aβ 1- 

42 

µM range - 

MCE-UV 
53 - 

Aβ 1-38, Aβ 1-
40, and Aβ 1- 42 
 

µM range - 

Strategy 2: 
Microfluidic 
and biosensor 

systems 

Biosensors 
54, 55 

Sandwich immunoassay Aβ 1- 42 0.5 µM Proof of concept 

Immuno-enrichment 
on magnetic beads 
prior to CE-UV 60 

- 
Aβ 1- 42 and Aβ 

1- 40 
sub µM 
range - 

Immuno-enrichment 
on magnetic beads 

and fluorescent 
labelling prior to 

CE-LIF 41, 52, 61-63 47 

- 
Aβ 1-38, Aβ 1-

40, and Aβ 1- 42 
 

sub nM 
ranges 

Discrimination between AD 
patients and healthy persons 41, 

52, 61-63 47 

Immunoassay in 
microfluidic 
droplets 57 

Single-step immunoassay 
using functionalized 

magnetic beads 

Aβ 1-40 and Aβ 
1- 42 0.5 nM - 

Microfluidic 
fluidized bed 47 

On-bead immuno-capture 
and fluorescent labelling of 

peptides 

Aβ 1-38, Aβ 1-
40, and Aβ 1- 42 - Proof of concept 

Magneto-CE 59 

Immuno-capture and 
chemical elution of labelled 

peptides inside a CE 
microchannel 

Aβ 1- 42 10 nM Proof of concept 

  

  

  

  

Table 1: Typical electrophoretic and microfluidic strategies for separation and detection of 
Aβ peptides 
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CE is a separation method based on different migrations of molecules (charged analytes in most of 

the cases) under a high electric field. The electrophoresis process is conducted in a narrow and long 

fused silica capillary (typically 50 - 75 μm and 30-100 cm for inner diameter and total length, 

respectively), which is filled with a background electrolyte buffer (BGE). The positive features of 

CE, notably high separation resolution, little sample and reagent consumption, setup flexibility and 

possibility for miniaturization, make it an efficient technique for biomolecule separation and 

detection generally, and for quantification of peptides in biofluids in particular. The first CE method 

for separation and ultraviolet (UV) detection of Aβ peptides was communicated in 2008 36. Five 

peptides (Aβ 1-42, 1-40 ,1-39,1-38, and 1-37) could be baseline separated in a single run within 30 

min. Interestingly, the Aβ 2-40 and Aβ 5-40 that were not possible to quantify with classical 

immunoassays due to the lack of specific antibodies could be separated and detected with CE-UV 
36. The CE-UV method was then employed to monitor the aggregation process of Aβ 1-42, in order 

to gain more understanding of the AD provoking mechanism and serve for anti-Alzheimer's drug 

discovery 37-39. This work was later complemented with the results on time-dependent Aβ 1–42 

oligomerization pattern by electrospray differential mobility analysis (ES-DMA) 40.  The detection 

limit achieved with CE-UV was in the range of 1 µM, which was nevertheless not enough to trace 

these peptides in CSF samples as their expected concentrations are in sub nM ranges. To overcome 

this challenge, laser induced fluorescence (LIF) detection with a fluorescent labelling strategy was 

then developed for CE of Aβ to significantly improve the detection sensibility 41. The labelling 

principle and typical electropherograms for CE-LIF of labelled Aβ peptides are shown in Fig. 2.  
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A)                  B) 

 

 

 

 

 

 
 

Fig. 2. A) Proposed model of the derivatization reaction of the five amyloid peptides with the 
Fluoprobe 488; B) CZE-LIF profile of the five amyloid peptides derivatized with Fluoprobe 488 
(A) or Alexa fluor (B), FAM-X-SE (C), and 5-FITC (D) as the tagging agents. F is a peak from 
the fluorophore. The peptide concentration was 100 nM except for the Fluoprobe derivatization 
(50 nM). Brackets indicate regions corresponding to the migration of tagged Aβ peptides. CE 
conditions; BGE: borate buffer pH 9; IS 40 mM with 3.25 mM of DAB, Detection: LIF (λ exc 

488 nm). Reprinted from 41 with permission. Copyright (2011) ASC. 
 

Five fluorescently tagged Aβ peptides could be separated and detected down to 1 nM, approaching 

their concentrations in CSF. The significant difference in Aβ1-42/ Aβ1-38 ratio between healthy 

people and AD patients was also reported 41. The CE-LIF method was then applied to monitor the 

interaction between nanoparticles and the Aβ peptides, aiming at designing functional 

nanomedicines for AD treatment 42-46.  

Immuno-capture is an enrichment technique in which the target analytes (i.e. antigens) are captured 

and enriched onto a solid support (typically magnetic beads in our case) functionalized with specific 

antibodies. This approach is often used for preconcentration of biomolecules (such as proteins and 

peptides) and at the same time removal of biofluid’s matrices. The trapping of the analytes of 

interest is realized via the antigen-antibody interaction. As the marriage of immuno-capture and 

CE can inherit the separation power (selectivity) of CE and at the same time the excellent extraction 

/ preconcentration feature of immunocapture (see Fig. 3A for the logic behind), the hybrid mode 

of immuno-CE has been developed to further improve the detection limits. Accordingly, a novel 

preconcentration protocol prior to CE-LIF was developed, allowing immune-enrichment of Aβ 

peptides on functionalized magnetic beads (see more in the following section), followed by on-
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beads Aβ fluorescent labelling and thermal elution 47. Enrichment factors better than 100 were 

achieved in this case, which in turn rendered detection of Aβ1-42, Aβ1-40 and Aβ1-38 in CSF 

possible (Fig. 3B).  

A) 

 

B) 

 

Fig. 3.  A) Principle of the immune-CE for Aβ peptide detection. B) CE-LIF electropherograms 
of CSF samples after magnetic immune-precipitation using the antibody 6E10 
(enrichment factor of 100) and on-beads fluorescent labelling. Thermal elution 

conditions: 95 °C for 5 min in the presence of borate buffer (pH 10.5, IS 40 mM). CE 
conditions as in Fig. 1. Sample treatment with pre-filtering of CSF samples using 3 K 
Dalton filters. Peak identification: (1) Aβ 1-42, (2) Aβ 1-40, (3) Aβ 1-38. CSF – AD 

stands for CSF samples from AD patients; CSF – C stands for CSF samples from 
cognitive normal people used as controls; STD 1: standard solution of Aβ 1-42 (0.2 nM), 
Aβ 1-40 (0.2 nM) and Aβ 1-38 (0.2 nM); STD 2: standard solution of Aβ 1-42 (2 nM), 
Aβ 1-40 (8 nM) and Aβ 1-38 (8 nM). The indicated concentrations in the brackets were 

those of the standards before immune-enrichment. Both standards and CSF samples were 
subjected to the same immunocapture–label–elution procedure. Reprinted from 47 with 

permission. Copyright (2015) RSC. 
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In parallel to the advancements in immune-capture coupled to CE of Aβ peptides, efforts were also 

made to develop antibody-free on-line electrokinetic preconcentration approaches for improvement 

of Aβ peptides detection. Capillary isotachophoresis (ITP), a technique which uses two different 

buffer solutions (i.e. a leading electrolyte LE and a terminating one TE) to sandwich the sample 

plug in between, was the first to be used for stacking Aβ peptides in a sharp peak 48. Under 

electroosmotic-flow (EOF) suppression conditions (i.e. elimination of the bulk liquid motion 

normally occurred under application of a high voltage over a silica capillary possessing negative 

surface charges), the target Aβ peptides were trapped between two anions, OH- in TE and 

CH3COO- in LE, during their electrophoretic migrations to the detector. This stacking method 

allowed to quantify Aβ1-40 down to 700 nM just with UV detection 48. To further improve the 

detection limit, a multiple-electrokinetic preconcentration concept was developed 49. In this novel 

technique, a sample containing Aβ1-40 was repeatedly injected and stacked by ITP for 

preconcentration for several cycles, allowing for the first time quantification limit down to 50 nM 

with UV detection 49. ITP was then coupled with MS to preconcentrate a mixture of Aβ 1-40, Aβ 

1-42, Aβ 1-38 50. Separation of these peptides in this case was implemented by MS via their 

different mass-to-charge ratios. The significant difference in Aβ 1–42/Aβ 1–40 ratio between AD 

patients and healthy volunteers was demonstrated 50. Inspired from the ‘multi-preconcentration 

concept’, we then went further with the development of a new mode named ‘multiple cycles of 

large volume sample stacking with electro-osmotic pump’ (M-LVSEP) 51. In this method (see Fig. 

4A for working principle), an Aβ peptide mixture was injected into the whole CE capillary and was 

swept back to the capillary inlet by the bulk liquid flow (EOF) for preconcentration. This process 

was repeated several times, allowing unlimited sample volumes to be injected and analyte 

enrichment prior to CE-LIF separation of 5 Aβ peptides (see Fig. 4B). The quantification limit for 

the Aβ peptides down to 0.05 nM (with a preconcentration factor up to 800) was for the first time 

possible without any recourse to antibody-based enrichment. The discrimination between AD 

patients and healthy persons using this method gave equivalent accuracy compared to the 

conventional ELISA method 51. 
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A) 

 
B) 

 
Fig. 4.  A) Principle of the multiple LVSEP protocol. (1) First hydrodynamic injection of the 

sample. (2) LVSEP process by exploiting conductivity differences between sample and 
the separation buffer and under an electro-osmotic flow (EOF). (3) Second hydrodynamic 
injection. (4) Second process of LVSEP. (5) Separation and detection of the peptides in 
the absence of EOF (due to the sample matrix removal). Steps 3 and 4 can be repeated 
several times (cycles) for further preconcentration of analytes newly injected at each 

cycle. B) multiple LVSEP of the 5 fluorescently labelled peptides (5 nM) for different 
number of cycles from 1 to 8. For the first injection, the capillary is totally filled with the 

sample. For the subsequent cycles, 40% of sample is injected. Between each injection, 
the voltage was set at −30 kV with an additional pressure of 700 Pa for 180 s. Reprinted 

from 51 with permission. Copyright (2018) RSC. 
 

3.2. Microchip electrophoresis  

The development of point-of-care (POC) testing (or bedside testing) has gained much attention as 

this allows realization of medical diagnostic tests at the time and place of patient care, without 

sending off samples away. By avoiding the long waiting period (hours to days) to learn the results, 
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POC may offer better, easier treatment monitoring during therapeutic clinical tests. Efforts were 

therefore focused on MCE and microfluidics towards this goal for AD diagnosis. The MCE 

separation principle is similar to that in CE, in which a sample is injected into the separation channel 

of typically less than 10 cm long prior to application of a high voltage (1000 - 3000 V) to trigger 

electrokinetic separation of target analytes. The sample introduction in MCE is normally 

implemented via the electrokinetic mode (i.e. application of a lower voltage), rather than 

hydrodynamic injection (using pressure or vacuum) as frequently used in CE. The presence of two 

perpendicular channels (separation and injection channels) on the microchip leads to a cross section 

by which the injected sample volume can be precisely tuned. In the microchip format, the 

microchannel used for separation is much shorter than that in CE (typically 60 cm), which in turn 

requires careful optimization of various parameters (notably microchip material and design, 

channel coating, injection amount and voltage pattern) in order to reach satisfactory separation and 

detection performance. The first work on MCE of Aβ peptides was carried out by Mohamadi et al. 

in 2010 52. They employed a microchip made from polydimethylsiloxane (PDMS) with the channel 

cross section of 100 µm (width) x 50 µm (depth) and an alkaline buffer containing 2% 

methylcellulose for EOF suppression to perform separation of Aβ 1-37, Aβ 1-38, Aβ 1-39, Aβ 1-

40, and Aβ 1- 42. This proof-of-concept work at that moment still required improvement in terms 

of resolution and sensitivity before this approach could be used routinely for detection of Aβ 

peptides in CSF. To provide new clues toward this direction, Mesbah et al. then improved the MCE 

separation of Aβ 1-38, Aβ 1-40, and Aβ 1- 42, using a glass microchip with a narrower separation 

channel (50 µm wide and 20 µm deep) and a new surface coating strategy with 

poly(dimethylacrylamide-co-allyl glycidyl ether)  53. Compared to the CE configuration, this MCE 

system allowed 6-fold faster separation of Aβ peptides while keeping excellent repeatability, 

recovery and resolution for simultaneous quantification. 

4. Magneto-immuno-capture of Aβ peptides in microfluidic and biosensor systems 

4.1. Magneto-immuno-capture-based sample treatment 

Another important contribution of our group is the development and application of immuno-capture 

/ precipitation of Aβ peptides onto solid supports (typically magnetic beads, called magneto-

immuno-capture) functionalized with anti-Aβ antibodies via the antigen-antibody reaction 

mechanism (see Fig. 5 for the typical working principles and table 1 for a summary of the developed 

approaches). This contribution, which belongs to the afore-mentioned strategy of immuno-CE, 
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focuses mainly on microfluidic sample treatment modules and protocols. These were then often 

used as the forefront of CE/MCE systems. Note, that while different solid-phase supports (such as 

silicon surface chemically silanized with carboxylatedalkyltrichlorosilane 54,55) can be employed 

for immune-capture/precipitation of biomolecules, particular interest is given to functionalized 

magnetic particles as they offer much higher throughput and ease of bead manipulation through an 

external magnetic field 56. Different antibody grafting strategies (using magnetic beads 

functionalized with various chemical groups such as carboxylate, immunoglobulin G, tosylate etc.) 

as well as bead washing protocols were developed to maximize the quantity of captured Aβ 

peptides and at the same time minimize unwanted non-specific adsorption of interferants, notably 

proteins, from the biofluids 47,57-59. Various operations then were carried out with the captured Aβ 

peptides for different detection modes. They could be eluted from magnetic beads into a smaller 

eluent volume for preconcentration, prior to either direct CE-UV detection 60 or off-line fluorescent 

labelling of Aβ peptides for CE/MCE-LIF analysis 41,52,61-63. Preconcentration factors better than 

170-fold were achieved, with more than 90% of the peptides captured and 80% of them eluted. 

Alternatively, on-bead labeling of immobilized Aβ peptides prior to thermal elution at 95 °C to 

release them from magnetic beads could be realised for a similar purpose 47.  
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A) 
 

 

B) 

 

Fig. 5. A) Schematic representation of PEGylation of a magnetic PGMA microsphere for 
immune-capture of Aβ peptides and suppression of non-specific sorption. Reprinted from 

58 with permission. Copyright (2014) Wiley. B) Protocol of magnetic beads-based 
immunoassays of Aβ 1–40 and Aβ 1–42. Reprinted from 57 with permission. Copyright 

(2018) Elsevier. 
 

4.2. Magneto-immunoassays and in-capillary immuno-capture of Aβ peptides 

The magneto-immuno-capture could also be employed to develop a single-step immunoassay in 

microfluidic droplets, in which the magnetic beads grafted with capture antibodies, the sample 

containing target Aβ 1-40 and Aβ 1-42, as well as the detection antibodies were mixed and allowed 

to react in a nanometric droplet 57. By using a train of droplets encapsulated in oil (see Fig. 6A for 

this microfluidic setup), each step was implemented in a specific droplet and high throughput 

analyses of Aβ peptides were made possible. A sequence of 8 assays performed in less than 1 h 
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could be achieved with such microfluidic setup, compared to a duration of 2 h per assay in 

conventional batch mode. Using only 200 nL of sample for each analysis, the Aβ 1-42 and Aβ 1-

40 peptides can be detected down to 0.5 - 1 nM, which is quite close to the expected range of 0.1 

nM for Aβ 1-42 in CSF samples (see Fig. 6B for typical detection signals). In most of the cases, 

magnetic beads are captured and separated using permanent magnets. This was the case for our 

pioneering studies on batchwise and on-chip magneto-immuno-capture of Aβ peptides 41,52,60-63. A 

low degree of automation and / or problem of bead cluster aggregation were the limitations of such 

setup. Different strategies were therefore developed to overcome these challenges. First, a 

microfluidic fluidized bed was designed to allow continuous recirculation of magnetic beads under 

a flow stream containing target analytes in a microchip for interaction improvement, thanks to the 

counterbalancing between magnetic and hydrodynamic forces 64. This technology, inspired from 

the fluidized bed reactor (FBR) used to carry out a variety of multiphase biochemical reactions, 

was applied to implement all three steps (i.e. immune-capture, fluorescent labelling and elution of 

enriched labelled Aβ peptides) in the same microchamber in which functionalized magnetic 

microparticles continuously re-circulate. To allow a high throughput via automation, the permanent 

magnets were replaced recently with the magnetic tweezer technology developed by Viovy et al. 
65. These tweezers, composed of a metallic tip surrounded by a copper coil, can generate a magnetic 

field upon application of an electric current through the coil (see Fig. 6A). These were applied for 

immunoassays of Aβ 1-42 and Aβ 1-40 in droplets, allowing the transfer of magnetic carriers 

between different matrices (i.e. droplets) with a high purification rate and a low supernatant 

carryover, thus opening the possibility to implement multi-steps protocols in the same microfluidic 

system 57. With this technology, we could also precisely control the capture, release and circulation 

of magnetic beads inside a CE capillary thanks to the tweezers situated at both ends of the capillary 

(see Fig. 7). The CE separation channel was accordingly converted into a reactor for immune-

enrichment of Aβ 1-42 on circulating beads, which was found to offer a superior capture 

performance than the bead cluster approach using permanent magnets 59. This novel concept and 

instrument could help eliminate the incompatibility of working dimensions in different steps (as all 

steps were realized in a single CE capillary) and allow automation of the whole protocol. It should 

be noted that the forms of Aβ peptides can influence drastically the separation and detection 

performance regardless of the employed analytical approaches. For this reason, different strategies 

were implemented to ensure the monomeric form of Aβ peptides used in all aforementioned 

developments. These include i) verification of the quality of the Aβ peptide batch with different 

analytical methods (e.g. CE-UV 38, thioflavin-T fluorescence assay 39) before use, ii) chemical 
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modification of Aβ peptides to prevent aggregation 35 and iii) establishment of a standard protocol 

for preparation and storage of Aβ peptides stock aliquots 38.  

A) 

 
 

B)  

 
 

Fig. 6. A) Schematic drawing of the microfluidic droplet setup using magnetic tweezers for 
magnetic beads manipulation. D: detection droplet; W: washing droplet; S: sample 
droplet; B: magnetic bead droplet; A: air bubble. Droplets are separated by oil. B) 

Fluorescent signals for Aβ 1-42 on passage of detection droplets through the fluorescent 
detector. Reprinted from 57 with permission. Copyright (2018) Elsevier. 
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Fig. 7.  Photos of bead capture and release inside a transparent capillary (75mm ID and 375mm 
OD) with the activation/deactivation of magnetic tweezers. Reprinted from 59 with 

permission. Copyright (2019) Elsevier. 
 

5. Conclusion remarks and perspectives 

Among continued efforts for improvement of Aβ peptide detection, our major contributions focus 

on electrokinetic approaches and / or magneto-immuno-capture. Equivalent detection performance 

has been achieved compared to the conventional ELISA method. Our approaches hold a high 

potential for miniaturization, automation and integration, towards a high-throughput and miniature 

solution / device conception for AD diagnosis. Technology readiness improvement and clinical 

tests with a large cohort of AD / control samples are still needed to validate the utility and 

applicability of our proposed technologies / methods. Hope is of course given that more precise 

and earlier prediction of AD will be possible with these analytical advances, in which our group 

has contributed very actively in the last decade. More research is also needed to overcome the 

actual challenges encountered with Aβ peptide separation and quantification, notably i) the 

aggregation of Aβ 1-42 during sample storage, treatment and analysis, as well as ii) large deviation 

of the results obtained from different laboratories using different analytical strategies (MS, 

immunoassays or separation techniques). These result mismatches need to be solved before the 

diagnostic power of Aβ peptide analysis could be fully exploited. To further improve the selectivity 

and sensitivity for AD prediction, efforts need to be spent as well to trace an extended spectrum of 

Aβ peptides in biofluids, focusing on other truncated ones beyond the well-studied Aβ 1-42 and 

Aβ 1-40. Continuous development of novel analytical strategies and / or improvement of actual 

methods’ performance are therefore always required in order to reach this achievement. 
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OBJECTIVES 
Understanding the importance of MP’s characterization (see chapter 1 of my thesis), the first part 

of my work focuses on the development of novel techniques to characterize the interaction between 

these particles with (bio)molecules. In the second part, the attention was put on the combination of 

CE and MPs for development of novel approaches for sample treatment and bioanalysis.   

In this regard, the scope of my PhD project is to develop three analytical approaches for: 

- Studying the interaction between magnetic beads with antibodies (for antibody 

immobilization for magneto-immunoassays) using size exclusion chromatography coupled 

to fluorescence detector (SEC-FLD). 

- Improving the detection sensitivity of CE-LIF of MNPs by developing a new EOF-assisted 

preconcentration method based on large weakly charged electrolytes in uncoated silica 

capillary, serving for enrichment and interaction characterization of MNPs. 

- Developing a new approach of 2-stage online preconcentration in CE, with magneto 

extraction on circulating magnetic beads inside the capillary and electrokinetic enrichment 

for purification and detection of DNA.  

Three axes of the thesis are resumed in the Figure 32. 
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Figure 32: Schematic representation of the thesis work 
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Chapter 3:  CHARACTERIZATION OF ANTIBODY’S ORIENTATION AND 
DENSITY IMMOBILIZED ON MPS 

As presented in chapter 1, magnetic beads are widely employed as an efficient solid-support for 

magneto-(immuno)-enrichment or magneto-(immuno)-extraction thanks to their high surface-to-

volume ratio, high throughput and ease of manipulation via an external magnetic field [1]. 

Nevertheless, the performance of magneto-immuno-capture depends on the density and orientation 

of the grafted antibodies since they affect the efficient and selective capture of the target analyte(s). 

To obtain the best performance, many conventional methods were studied to characterize the 

antibodies immobilized on beads such as spectrophotometric and biophysical ones [2]. In this 

chapter, the development of an enzymatic strategy combined with Size Exclusion Chromatography 

(SEC) is reported, allowing to simultaneously characterize the orientation and density of antibodies 

immobilized on beads. Immunoglobulin G degradation enzyme FabRICATOR Z, a cysteine 

protease was employed to digest antibody IgG2a mouse anti-Aβ 1-42 (clone NAB228) into F(ab)2 

and Fc. By determining the quantity of these digested fragments, the density and orientation of 

immobilized antibodies on beads could be indirectly determined. Based on the obtained results, 

Tosyl-activated and protein G beads were chosen for further immuno-enrichment studies on Aβ 1-

42 peptide, a validated biomarker for molecular diagnosis of Alzheimer’s disease, thanks to their 

significantly higher performance than carboxylic beads.  

3.1 SEC-FLD PRINCIPLES 

3.1.1 Principles of SEC 

Size exclusion chromatography, also known as gel filtration or gel permeation chromatography, 

separates the macromolecules based on their hydrodynamic sizes [3]. In the column of SEC, the 

porous particles play the role as the stationary phase. Their surface is modified to avoid the 

interaction with target analyte(s). The particle and pore sizes determine the sizes of compounds 

that are to be separated. As a sample travels through a column, small species in the sample can 

enter into most of the pores and larger ones may enter only in a few or none of the pores, resulting 

in a separation based on size or molar mass. Hence, the larger components are eluted first from the 

column (Figure 33).  
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Figure 33: Illustration of the SEC working principle. (A) The porous particles and analyte 
molecules in different size; (B) SEC column and (C) SEC chromatogram describing the time-

dependent elution of different molecule sizes  [4]. 

The total volume V0 of the mobile phase in the column can be divided into two parts: the interstitial 

volume Vi (interstitial porosity) and pore volume Vp (particle porosity) [3]. Vi represents the 

volume of the mobile phase required to transport a large molecule while V0 is determined by Vi 

+Vp corresponding to the volume necessary to elute a small molecule. The elution volume Ve are 

therefore between Vi and V0 and are described as as follow: 

       Ve = Vi x KD + Vp    (7) 

 
Where KD is the thermodynamic retention factor. If the Ve/V0 exceeds 1, the molecules are not 

only eluted correspond to the size exclusion mechanism but  also to physicochemical interactions 

with the stationary phase (typically hydrophobic and electrostatic interactions, as illustrated in 

Figure 34 [5]).  
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Figure 34: The interaction of analyte molecules with the stationary phase in SEC [5]. 

Beside of size separation, SEC is also used to characterize the molecular weight of biomolecules, 

such as peptides/proteins [6, 7], nucleic acid [8], or polymer [9] by calibrating the size-exclusion 

column with compounds with known molecular weights and having similar structures to those of 

the desired analytes [10].  

There are some considerations when using SEC. First, the technique does require substantial 

differences in molecular weight to create significant shifts in retention [10]. The second issue is the 

possible adsorption of analyte on the stationary phase due to the secondary undesirable interaction. 

The retention time of the analyte is therefore modified, leading to possible conformation change as 

aggregate and asymmetry peak [10]. Electrostatic interactions can result in faster elution if there is 

electrostatic repulsion which prevents the analyte from diffusing into the pore, or reversely, longer 

time retention due to high electrostatic interaction. To prevent these phenomena, the optimization 

step of the mobile phase and the selection of stationary phase are essential.  

3.1.2 Detectors couple to SEC 

SEC can be coupled with many modes of detection to provide further information rather than size 

and molecule weight. Beside the coupling to three predominant detectors UV, LIF, and MS, SEC 

can also be hyphenated to Multi Angle Light Scattering (MALS). A MALS detector measures the 

amount of light scattered by particles in solution relative to the angle of the incident light. The 

advantages and considerations of these detectors when using for SEC of proteins are summarized 

in Table 8. 
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Table 8: Summarized advantages and considerations of detectors coupled to SEC for protein 

analysis. 

Detectors Advantages Considerations References 

UV Multi-wavelength detection for more 

information; simple, rapid. 

Amide peptide bond: 214 and 220 nm 

Aromatic amino acid: 280 nm 

Low sensitivity and 

selectivity. 

Only information 

about estimated 

molecule weight 

and concentration. 

[11, 12] 

FLD Based on intrinsic amino acids (e.g., 

tryptophan, tyrosine, etc.). 

λexcited 280 nm; λemitted 350-370 nm 

High sensitivity and selectivity, simple, rapid. 

Only information 

about estimated 

molecule weight 

and concentration. 

[6, 13-15] 

MALS Diverse information: size, form, aggregate, 

polydispersity, concentration, molecule 

weight, thanks to the combination with other 

detection modules: refractometer, UV and 

viscometer.  

Independence of molecular weight 

measurement on elution time. 

Complicated 

calibration and 

manipulation. 

[16-19] 

MS Diverse informations: size, molecule weight, 

conformation, charge, protein-ligand affinity. 

Expensive, 

complicated 

Volatile mobile 

phase requirement  

[20-23] 
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3.2 IMMUNO-CAPTURE OF BIOMOLECULES ON FUNCTIONALIZED MAGNETIC BEADS: 
FROM CHARACTERIZATION TO APPLICATION FOR A BIOMARKER OF ALZHEIMER’S 
DISEASE (PAPER 1) 
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Abstract  

It is reported herein a new approach to study the orientation and density of mouse antibody grafting 

on magnetic beads, serving for immunoassays and immuno-extraction of biomolecules. This 

approach is based on selective enzymatic digestion of target grafted antibodies at a specific site 

below the hinge position to provide F(ab)2 and Fc fragments, followed by separation and 

determination of these fragments with size exclusion chromatography (SEC) coupled with 

fluorescence detection (FLD). The developed method was applied for evaluation of 

immunoglobulin (IgG2a) grafting capacity on three different biofunctionalized magnetic beads (i.e., 

Tosyl-activated, carboxylic, protein G). Tosyl-activated and protein G beads at different optimal 

grafting IgG: bead ratios (i.e.,110 µg: 1000 µg and 240 µg: 1000 µg, respectively) exhibited 

superior grafting capacity than carboxylic counterparts. Under the optimized conditions, more than 

70 % of antibodies were grafted on tosyl-activated and protein G beads in the right orientation. 

This approach was then demonstrated with different commercially available antibodies specific to 

amyloid-beta peptide 1-42 (Aβ 1-42) for magneto-immunoassays of this peptide that is an 

established biomarker for molecular diagnosis of Alzheimer’s disease. 
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1. Introduction  

Immuno-enrichment and immunoassays, relying on the capture of target peptides and proteins via 

specific antibodies for their subsequent preconcentration and detection, are the gold techniques 

used in bioanalysis. Among all solid supports for such purpose, magnetic beads have gained great 

attention thanks to the ease of manipulation via an external magnetic field and a variety of 

functionalities (commercially) available for magnetic particles [1, 2]. The performance of 

immunocapture on magnetic beads nevertheless depends significantly on density and orientation 

of the grafted antibodies in order to allow their efficient and selective interaction with target 

molecules as well as avoid / minimize non-specific adsorption.  Control and characterization of on-

beads immobilized antibodies are therefore of utmost importance to achieve the best 

immunocapture performance. Different characterization strategies have been developed for such 

purpose, notably spectrophotometric and biophysical ones [3]. Recently Oliverio et al. reported an 

indirect method for quantification of protein on the surface of nanoparticles (NPs) based on 

hydrolysis of free amine groups by HCl 6M at 110oC, followed by a spectrophotometric 

quantification of primary amines in solution [4]. Our group recently proposed a new simple and 

rapid analytical approach to evaluate human antibody orientation and density on magnetic beads 

applied for immunocapture of a biomarker of inflammation (TNF-α) [5]. This approach relies on 

the cleavage by IdeS, a highly specific protease for human immunoglobulin G (hIgG), of 

immobilized antibodies, followed by quantification of the F(ab)2 and Fc fragments via size 

exclusion chromatography (SEC)-coupled to fluorescent detection (FLD). This approach using 

IdeS nevertheless is not adapted to mouse IgG, which represents the majority of antibodies 

commercially available for bioanalysis. Indeed, in the context of molecular diagnosis of 

Alzheimer’s disease (AD), which is the most prevalent neurodegenerative disease worldwide 

causing a huge burden to the society and having no efficient AD treatment so far [6], mouse 

antibodies have been most widely used for immunoassays of amyloid (Aβ) beta peptides (notably 

Aβ 1-42 and Aβ 1-40 which are established biomarkers for AD). No human antibodies specific to 

these compounds have been available so far. 

 

From this rationality, we report in this study the development of an analytical approach to 

simultaneously characterize the density and orientation of grafted mouse antibody on magnetic 

beads. This approach relies on selective enzymatic digestion of immobilized mouse antibodies at 

one specific site below the hinge region using Immunoglobulin G degrading enzymes 

(FabRICATOR Z) IdeZ to give F(ab)2 and Fc fragments from mouse antibodies, followed by 



 

108 

separation and determination of these fragments with SEC-FLD. Compared to the previous work 

[5], optimization of the SEC-FLD method was made to allow separation of the F(ab)2 and Fc 

fragments from residual antibodies and the enzyme, allowing non bias determination of the 

digestion efficiency via the F(ab)2 / Fc ratios. The developed approach was applied for three 

functionalized magnetic beads (i.e., Tosyl-activated, carboxylic, Pierce Protein G) grafting with 

immunoglobulin (IgG2a) from mouse. Following the antibody-grafting optimizations that can be 

monitored with our method, the activity of grafted antibodies was confirmed via on-bead 

immunoassays of amyloid beta 1-42 peptide (Aβ 1-42) that is an established biomarker for AD 

molecular. The work was extended to three antibodies specific to different epitopes of Aβ 1-42 

(i.e., NAB228 for N-terminal, 12F4 for C-terminal, and 4G8 for 17-24 epitopes), serving for 

evaluation of the performance of bead-based immunoassays of Aβ 1-42. 

 

2. Experimental  

2.1. Chemicals, reagents and samples  

2-(Cyclohexylamino)ethanesulfonic acid (CHES), Tris(hydroxymethyl)aminomethane (TRIS), 

sodium dodecyl sulphate (SDS), sodium hydroxide (NaOH), potassium hydroxide (KCl), acid boric 

(H3BO3), sodium dihydrophosphat (NaH2PO4), disodium hydrophosphat (Na2HPO4), Tween 20, 

ammonium sulfate ((NH4)2SO4), EDC (N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride),  S-NHS (N-Hydroxysulfosuccinimide sodium salt), mouse IgG2a (2 mg/ml) 

(mIgG), phosphate buffer saline 10X (PBS), Tris buffer saline 10X (TBS), ammonium hydroxide 

(NH4OH), human IgG from whole serum (hIgG at 10 mg/ml), as well as different anti-Alzheimer 

antibodies (1 mg/ml), including NAB228 and 6E10-HRP were all provided by Sigma Aldrich (St. 

Louis, MO, United States). Other antibodies 12F4-HRP, 12F4, and 4G8 were obtained from 

Biolegend (San Diego, California, United State). HPLC grade isopropanol (IPA), methanol and 

acetonitrile were purchased from VWR (Pennsylvania, US). Immunoglobulin G degrading 

enzymes (FabRICATOR enzyme Ides) and (FabRICATOR Z enzyme Idez) were obtained from 

Genovis (Lund, Sweden). Amyloid beta peptide Aβ 1-42 was purchased from Eurogentec (Seraing, 

Belgium). FP-488 NHS ester solution was purchased from Interchim (Montluçon, France). Pierce 

Protein G (ProG), Tosyl-activated (Ts) and Carboxylated (COOH) magnetic beads, QuantaRed 

Enhanced Chemifluorescent HRP kit were provided by Thermo Fisher (Massachusetts, United 

States). All buffers were prepared with deionized water and were filtered through a 0.22 µm 

membranes (Pall Corporation, New York, USA) prior to use.  
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2.2. Apparatus and Material 

Deionized water used in all experiments was purified using a Direct-Q3 UV purification system 

(Millipore, Milford, MA, USA). Conductivity and pH values of buffer solutions and samples were 

measured by a Seven Compact pH meter (Mettler Toledo, Schwerzenbach, Switzerland). SEC-

FLD experiments were carried out using a 1260 Agilent UPLC, and a 1260 fluorescent detector 

(λexcitation: 280 nm, λemission: 345 nm) (Agilent Technologies, Santa Clara, CA, USA). Two 

columns, including Agilent AdvanceBio SEC (2.7μm particle size, 130 Å pore size, i.d 7.8 , length 

300 mm) and BioSEC-3 (3μm particle size, 300 Å pore size, i.d 4,6 mm, length 300 mm) were 

employed for SEC-FLD at temperature of 25°C. Fluorescence detection with the excitation and 

emission wavelengths of 530 nm and 582 nm respectively were carried out with a FP-750 

Spectrofluorometer from Jasco (Lisses, France) using a 40 μL quartz cuvette (Starna Scientific, 

Essex, England).  

 

2.3. Methods 

2.3.1. Antibody digestion in solution 

IdeS FabRICATOR S enzyme 5000 U and IdeZ FabRICATOR Z enzyme 2000 U were dissolved 

in 100 μL and 50 μL miliQ water, respectively, then aliquoted to 2 μL and stored at -20°C. For IgG 

digestion, 2 μL IdeS enzyme (100UI) was mixed with 50 μL of 100 mM phosphate buffer (pH 7.0) 

whereas 2 μL IdeZ enzyme (80UI) was added to 50 μL of 10mM phosphate buffer and 10 mM 

sodium chloride (pH 6.5). hIgG and 6E10 were diluted in PBS to 50 μL at concentration of 0,1 

mg/ml and then digested with IdeS at 37°C on a thermo-mixer at 650 rounds per minute (rpm) for 

90 minutes. NAB228 and 6E10 (0,1 mg/ml) were prepared and digested with IdeZ under the same 

conditions for 120 minutes.  

 

2.3.2. Antibody grafting on magnetic beads 

Protein G magnetic bead 

50 µL of ProG magnetic beads (10 mg/mL) was added to 2 mL LoBind Eppendorf vials and gently 

vortexed with 500 µL of Tris solution containing 0.05 % v/v of Tween 20. The supernatant was 

removed, and the beads were washed one more time with 1 mL of Tris- Tween 20 (0.05%). A 

magnet was employed to retain magnetic beads during removal or addition of a suspension solution. 

After removal of the supernatant, a predefined volume (0-5-15-22,5-45-60-75-90 μL) of NAB228 
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at 2 mg/mL was subsequently added to beads. The Tris- Tween 20 (0.05%) solution was then added 

to 500 μL. The mixtures were then incubated at 25°C, 650 rpm for 1 hour on a Thermomixer. The 

protocol was also carried out with 100 µL ProG (10 mg/mL) and 4 batches of NAB228 (0-10-55-

120 μL at 2 mg/mL). After incubation, the supernatants were collected. The beads were then 

washed twice with 500 µL of Tris-Tween 20 (0.05%) solution. The washing solutions were 

collected for subsequent analyses. 

 

Tosyl-activated magnetic bead 

10 µL of Dynabeads MyOne Tosylactivated (100 mg/mL) was added to 2mL LoBind Eppendorf 

vials and washed with 500µL of 0.1 M sodium borate buffer (pH 9.5) using a Thermomixer for 15 

min C at 25°C and 650 rpm. Pre-defined volumes (0-10-55-90-120 μL) of NAB228 solution (2 

mg/mL) were added to beads. 60 µL of 3M ammonium sulphate buffer (pH 9.5) and 20 µL of 0.1M 

sodium borate buffer were then added. The mixtures were then incubated at 37°C on a 

Thermomixer (650 rpm) for 16h. The supernatants were collected with the help of a magnet. The 

beads were washed twice with 500 µL of PBS- Tween 20 (0.05%) and once with 500 µL of PBS. 

The washing solutions were also collected for subsequent analyses by SEC-FLD.  

 

Carboxylated magnetic bead 

100 μL of a Dynabeads MyOne carboxylic acid suspension (10 mg / mL) were rinsed twice with 1 

mL PBS after removing the suspending solution. 500 μL of EDC solution (10 mg / mL inPBS) and 

500 μL of S-NHS solution (10 mg / mL in PBS 1X) were then added into the 

washed beads, followed by the addition of NAB228 2 mg/ml (10 μL or 55 μL). The mixture was 

incubated for 3 hours under 650 rpm at room temperature (RT). The supernatant was collected. The 

antibody-bound magnetic beads were subsequently washed twice with 1 mL of PBS, followed by 

an incubation at RT with 1mL of 50 mM Tris-HCl (pH 7.4) for 15 min in order to quench the non-

reacted activated carboxylic acid groups. The antibody-bound magnetic beads were then washed 3 

times with 1 mL of PBS - 0.1 % Tween-20. A magnet was employed to retain magnetic beads 

during removal or addition of a suspension solution.  

 

2.3.3. Digestion of NAB228 grafted on magnetic beads by IdeZ 
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100 µL of enzyme Idez (3 UI) was used for 1 μg NAB228. The enzyme solutions were added 

directly to grafted and washed magnetic beads and incubated for 3h at 37°C on a Thermomixer at 

650 rpm. Further optimization of the enzymatic digestion procedure can be referred to section 3.1. 

 

2.3.4. SEC-FLD conditions 

The SEC-FLD analyses of digested samples were conducted on two Agilent columns: BioSEC-3 

(3μm particle size, 300 Å, i.d 4,6 mm, length 300 mm) and AdvanceBio SEC (2.7μm particle size, 

130 Å pore size, i.d 7.8, length 300 mm). Both columns were equilibrated with the mobile phase 

for 5 column volumes prior to analysis; and flushed with a mixture of miliQ water (80%) and 

MeOH (20%) for 15 column volumes after each analysis. The flow rate was fixed at 0,3 ml/min 

for both columns. For each analysis, 2 µL of sample was injected, and analyzed with the phosphate 

buffer 50 mM that contains 10 % IPA and 150 mM KCl (pH 6,8).  

Calibration curves were made using native NAB228 prepared in different matrices and under 

different conditions that were used for on-bead antibody grafting protocols. The calibration curve 

served for the study on Tosyl-activated beads was made with NAB228 (at six concentrations from 

0,05 to 0.3 mg/ml) diluted in ammonium sulphate 3 M and sodium borate buffer 0,1 M at pH 9.5 

and incubated on Thermomixer at 37°C during 16h. The one used for the study on proG beads was 

done with NAB228 (6 concentration points) prepared in Tris-Tween 20 (0.05%) and incubated at 

25°C for 1h on Thermomixer. The non-grafted condition was used as the reference with six 

concentrations of native mouse IgG2a prepared in PBS. Three SEC-FLD analyses were 

implemented for each concentration. The respective calibration curve for each bead type was used 

to determine the non-grafted NAB228 amount in supernatant and washing solutions. The 

successfully grafted NAB228 was estimated from the difference between the initial antibody 

concentration and the recovered ones in the supernatant and washing solutions.  

 

2.3.5. Immunoassay of Aβ 1-42 peptide  

A volume of 50 µL Aβ 1-42 was incubated with 200 µg magnetic beads coated with the desired 

antibodies (12F4, 4G8 or NAB228) and 5 µL 6E10- HRP or 12F4- HRP antibodies at concentration 

of 0.04 µg/ml in PBS 1X on a mixer at RT for 1 hour. The beads were then washed 3 times (10 

min each time on a mixer) with 400 µL PBS 1X/ 0.1 % BSA (m/v)/ 0.1 % Tween- 20 (v/v). Then, 

100 µL QuantaRed solution was added to the washed beads. The incubation was carried out over 

7 min on shaking, followed by addition of 10 µL QuantaRed Stop solution. The colour intensity of 
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the achieved solution was measured with the excitation and emission wavelengths of 530 nm and 

582 nm, respectively.  

 

2.3.6. MS measurements of Aβ 1-42 peptide  

Five lots of Aβ 1-42 peptide stock solution at 2 mg/ml are prepared by balancing and dissolving in 

corresponding volume of DMSO. The Eppendorfs are vortex gently by hand. Then, the stock 

solutions are diluted in NH4OH 0.16% to obtain the samples at a concentration of 5 μM. These 

samples are injected directly into MS to verify the quality of Aβ 1-42.  

 

3. Results and Discussion  

3.1. Enzymatic digestion of grafted antibodies and analysis of released fragments  

Our approach (see Fig.1) to characterize the performance of on-bead antibody grafting relies on the 

selective enzymatic digestion of the grafted antibody below the hinge position to release F(ab)2 

and Fc fragments. The analysis of the remaining antibody as well as these released fragments, 

which are typical for an antibody, can then provide insight in the density and the orientation of the 

grafted antibodies thanks to the ratio of F(ab)2 ‘s signal to Fc one.  

 

 
Fig. 1. Proposed strategy for characterization of density and orientation of antibodies grafted on 

magnetic beads. 
 



 

113 

Unlike chemically mediated or trypsin-based methods, our approach is softer and more selective, 

and can provide both information on antibody density and orientation. The challenges here were to 

find an appropriate enzyme that works on the target mouse antibodies and develop the subsequent 

separation strategy for determination of the resulting fragments. 

In our case, SEC which is frequently used for separation of proteins and peptides was chosen for 

analysis of F(ab)2 and Fc fragments. The obtained F(ab)2 and Fc fragments and residue IgG possess 

respective molecular weights of about 100, 50 and 150 kDa. Phase mobile optimization was first 

carried out to separate these target fragments from the residual antibodies in the solution (Fig. 2). 

Among two salts commonly used in SEC buffers, KCl offered more symmetric and less tailing 

peaks than NaCl. Indeed, KCl was found stronger than NaCl in suppression of the secondary 

interaction between target molecules and the stationary phase, probably due to the larger size and 

higher interactivity of K+ cation [7]. It was observed from Fig 2 C-D vs Fig. 2 A-B that the column 

of a smaller pore size (130 Å) provides better resolution for separation of F(ab)2 and Fc.  

 

 

Fig. 2. Analysis of IdeZ-digested NAB228 by SEC-FLD using a column having dimensions of 
4.6 x 300mm, particle size of 3µm; pore size of 300 Å and the phosphate buffer containing A) 

150 mM NaCl C) 150 mM KCl or a column having dimensions of 7.8 x 300mm, particle size of 
2.7µm, pore size of 130 Å and the phosphate buffer containing B) 150 mM NaCl and D) 150 mM 

KCl. 
 

F(ab)2 F(ab)2 



 

114 

Moreover, thanks to these optimized conditions, the peak of IdeZ enzyme was well separated from 

the Fc fragment (see Figs. 3 and 4), which was not the case in the previous work using IdeS [5]. 

This would help avoid the bias in quantification of the digested fragments.  

 

 

 

Fig. 3. Digestion of 0,1 mg/ml antibodies in PBS:  A) human IgG by IdeS; B) Mouse IgG1 

(6E10) by IdeS; C) Mouse IgG2a (NAB228) by IdeZ. SEC-FLD conditions: column having 

dimensions of 7.8 x 300mm, particle size of 2.7µm, pore size of 130Å and the phosphate buffer 

containing 150 mM KCl. 

 

The optimized SEC-FLD conditions were then used to monitor the IgG digestion optimization. 

FabRICATOR IdeS, which was found to offer fast reaction on hIgG, and was found to work well 

in our previous work on hIgG [5] was tested as the reference. By comparing the peak of IgG before 

and after digestion in Figs. 3A-B, one can see that almost 80% of hIgG was digested with IdeS 

without optimization, whereas only 10% of mouse IgG1 could be digested under the same 

conditions. Indeed, IdeS can digest only on antibodies having CPPCPAPELLG/GPSVF sequence 

at hinge position that are typical for human, rabbit and sheep IgG. This enzyme nevertheless is less 

F(ab)2 

F(ab)2 
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favorable for mouse IgG, which represents the majority of antibodies commercially available for 

bioanalysis and is the most widely used one for immunoassays of Aβ peptides. To overcoming this 

problem, FabRICATOR Z IdeZ was selected for mouse IgG. This kind of enzyme shows its 

specificity on mouse IgG2a or IgG3, having CPAPNLLG/ GPSVF sequence at the hinge site. As 

can be seen in Fig 3C, more than 60% of NAB228 antibody (mouse IgG2a type) was digested in 

the first trial, which provided encouraging results. IdeZ enzyme was therefore chosen for further 

optimization of mouse IgG2a digestion. A two-level-three-factors (32) ½ fraction experiment was 

designed to optimize the digestion protocol using Minitab statistical software 17. The three factors 

covered (i) enzyme unit for 1μg IgG digestion (1 - 3 UI), (ii) incubation time (2 to 4 hour) and (iii) 

temperature (low 30°C and high 44°C). The response to be evaluated was the digestion efficiency 

estimated via F(ab)2 : Fc peak-area-ratio. A Pareto chart was used to determine the optimal 

conditions for complete digestion of IgG while using the lowest enzyme unit as possible. Among 

the investigated factors, the one with the highest impact was found for the added enzyme unit. As 

can be seen from Fig. 4, with 3 U of enzyme IdeZ for 1 µg IgG (in an incubation over 3 hours at 

RT), a quasi-complete digestion (98%) of IgG in solution, calculated according to peak areas of 

initial IgG and residual one after digestion, could be achieved. Compared to the digestion 

performance obtained with the commercial protocol for IdeZ (see Figs. 2 C-D where there was 

much residual IgG after the digestion), that achieved with our optimized conditions is superior with 

almost no trace of IgG left (Fig. 4).  

  
 

Fig. 4. Digestion of NAB228 antibodies (0.1 mg/ml IgG2a) in PBS by IdeZ under different 
digestion conditions. SEC-FLD conditions as in Fig. 3. 

F(ab)2 
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3.2. Optimization of the density and orientation of antibodies grafted on magnetic beads  

The optimized digestion conditions (i.e., incubation with 3 UI IdeZ over 3h at 37°C) and the 

optimized SEC-FLD ones (i.e., column of 130 Å pore-size, phosphate buffer containing 150 mM 

KCl) were employed to release and determine the F(ab)2 and Fc fragments from on-bead grafted 

NAB228 antibody (mouse IgG).  Quantification of grafted NAB228 was made with following the 

formula (1), respectively: 

mgrafted = minitial – (msupernatant + mwashing)      (1) 

where  

minitial, mgrafted, msupernatnant and mwashing are the initial quantity of antibodies, the quantity 

of antibodies grafted on 1000 µg beads, and those of remaining antibodies in the supernatant and 

washing solutions, respectively.  

 

The peak ratios for F(ab)2/Fc fragments released from NAB228 antibodies grafted on Tosyl-

activated, ProG and carboxylated magnetic beads were determined and compared (Fig. 5). 

 

 
Fig. 5. Digestion of NAB228 antibodies grafted on different magnetic beads (i.e., carboxylated, 

tosylactivated, protein G using IgG / beads (μg / mg) ratio of A) 110: 1; B) 240:1. C) Dependence 
of F(ab)2: Fc peak ratios on IgG quantity for on-bead grafting.  SEC-FLD conditions as in Fig. 3 

 

F(ab)2 

F(ab)2 
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With the same quantity of antibodies available for grafting, proG and tosyl-activated beads allowed 

higher amount of grafted NAB228, whereas very little trace of grafted antibodies could be found 

with carboxylated ones. As shown in Fig 5A and B, proG and tosyl-activated beads would require 

different initial antibody amount to achieve the best F(ab)2 / Fc ratio. The best grafted antibody 

density and orientation was achieved with 110 µg antibodies per 1 mg bead for tosyl-activated 

beads (at F(ab)2 / Fc of 2.9), whereas for proG beads the best F(ab)2 / Fc ratio of 2.5 was achieved 

at a higher quantity of 240 µg antibodies per 1 mg beads (Fig. 5C). This can be explained by the 

fact that tosyl-activated beads with a covalent group (H3CC6H4SO2) has more affinity to Fc 

fragment. Note that further addition of antibodies led to less grafting performance on tosyl-

activated beads (Fig. 5C), probably due the abundant presence of PBS used for antibody 

suspension, which is the blocking solution and not favorable for tosylated groups on magnetic 

beads, according to the instructions in the commercial protocol. In the case of proG, at low IgG 

quantity (< 50 µg), the non-covalent linkage is more effective towards F(ab)2, leading to less-

oriented antibody grafting (with decreased F(ab)2 / Fc peak ratio). At higher IgG quantity, the 

tendency was reversed, leading to an improved in F(ab)2 / Fc peak ratio for ProG beads. This 

important observation indicates that different magnetic beads would require different antibody 

quantities to reach the maximum density and best orientation. Under our best grafting conditions, 

74.4 % of antibodies grafted on tosyl-activated beads were at the right orientation, calculated from 

the (F(ab)2 / (Fc + F(ab)2) peak ratio. This was 71.9 % for the case of ProG beads. The grafting 

orientation under our conditions was equivalent to the best one obtained in the previous work (73.8 

% for ProG beads and 31.3 % for tosyl-activated ones, respectively) [5].  Using the formula (1), 

the maximum grafted quantity of NAB228 antibodies on ProG and tosyl-activated beads were 

estimated to be 43 μg and 35 μg per 1000 µg beads, respectively. Note that different conditions 

(i.e., the matrices, the temperatures and incubation times) were used for grafting antibodies on 

different beads. To avoid the bias in quantification of grafted antibodies, different calibration 

curves were made for different bead types, using NAB228 prepared in respective grafting matrices 

(see Fig. S1 in the supporting information ESI).  
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Fig.S1. The calibration curve of NAB228 under different grafting conditions . 
Conditions 1: PBS buffer 

Condition 2: Tris-Tween 20 (0.05%) buffer and incubated at 25°C for 1h on Thermomixer 
Condition 3: Ammonium sulphate 3 M and sodium borate buffer 0,1 M at pH 9.5 and incubated 

on Thermomixer at 37 °C during 16h 
 
Note also that the peak of IdeZ were observed together with those of F(ab)2 and Fc fragments 

after the digestion (Fig. 5). The peaks of IdeZ in the supernatants after incubation with different 

beads were lower than that of IdeZ in the initial one, which was due to some absorption of IdeZ 

on to ProG and tosyl-activated beads during the incubation for digestion of grafted IgG, as 

demonstrated in Fig. S2 in the ESI. The peak of residual IdeZ could induce some interference to 

the peaks of target F(ab)2 and Fc, and therefore confirm again the need to have an improved 

SEC-FLD method in our case to separated IdeZ from the target fragments. 

 

Fig.S2. Chromatograms of (A) initial solution of IdeZ enzyme at 80UI and the supernatant of 
Idez enzyme after incubation 3 hours at 37°C on a Thermomixer at 650 rpm with magnetic beads 

functionalized with B) carboxylic group; C) Protein G; D) Tosyl-activated. 
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3.3. Immunoassays of Aβ 1-42 on functionalized magnetic beads  

To validate the aforementioned optimization, the tosyl-activated and proG beads grafted with 

NAB228 (an anti Aβ 1-42 antibody specific at N-terminal of this peptide) at their optimal 

concentrations were employed to carry out immunoassays of Aβ 1-42 (Fig. 6).  

 
A) 

 

 

B) 

 

Fig. 6. A) Schematic of the immunocapture of Aβ 1-42 on different magnetic beads grafted with 
NAB288. Detection was carried out using ELISA with 12F4 HRP as the detection antibody. See 

section 2.3 for ELISA protocol. B) Calibration curves for Aβ 1-42 made with NAB288 grafted on 
ProG and Tosylactivated beads. 

 

Since Aβ 1-42 peptide is prone to aggregation [6], the good quality of each batch was first 

confirmed with MS (see Fig. S3 in the ESI). Aβ 1-42 solutions were prepared freshly from the 

confirmed batch just before each immunoassay series. Detection in this case was made with another 

anti Aβ 1-42 antibody specific at C-terminal of this peptide, which is bound with HRP to trigger 
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subsequently the enzymatic reaction with Quanta Red substrate (Fig. 6A). NAB228 grafted on 

ProG showed higher signals than those obtained with tosyl-activated beads (Fig. 6B). Further 

results on the immunoassays of Aβ 1-42 can be seen in Fig. S4 in the ESI. This observation was in 

good accordance with the results indicating that more antibodies were grafted on ProG beads than 

on tosyl-activated ones, with equivalent antibody grafting orientation (see section 3.2 above).  
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B) 

 

Fig. S3. A) Mass spectrometry of five lots of Aβ 1-42 5μM dilluted in NH4OH 0.16%, injected 
directly to MS. B) Determination of molecular weigth of Aβ 1-42 based on m/z of these ionized 

fragments. 
 

 
Fig. S4. The picture of the supernatant of Aβ 1-42 peptide, captured by NAB228 immobilized on 
Tosyl-activated and Protein G magnetic beads and 12F4-HRP as a secondary antibody for 1 hour 

prior to the ddition of QuantaRed solution and the incubation for 7 minutes. The intensity of 
fluorescence was measured by FP-750 Spectrofluoromete with the excitation and emission 

wavelengths of 530 nm and 582 nm respectively. 

 

Employing the antibody / bead ratios optimized for NAB228, the test on immunocapture of Aβ 1-

42 was also extended to other antibodies specific to this peptide, i.e., 12F4 specific to N-terminal 

and 4G8 specific to 17-24 epitopes (Fig. S5 in the ESI). An antibody specific to N-terminal of Aβ 

1-42 (6E10-HRP) was employed in this case for detection of the captured peptide. Among three 

capture antibodies, NAB228 exhibited the best on-bead capture performance, regardless of the bead 
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type used (tosyl-activated or ProG). The signals obtained with 12F4 and 4G8 were relatively low 

for both types of beads. The limit of detection was 10 mg/ml for NAB228 and 20 mg/ml for other 

antibodies. This implies that for each antibody, re-optimization of the antibody : bead ratio would 

be needed. And the optimal ratio achieved for 1 specific antibody (NAB228 in our case) cannot be 

generic to other ones. This remark is important, because so far one tends to follow the same 

antibody : bead ratio according to the established grafting protocol for different antibodies, which 

may lead to non-optimal immunocapture performance. 

 

Fig. S5. Performance of Aβ 1-42 immunocapture on magnetic beads grafted with different 
antibodies (NAB228, 12F4 and 4G8) specific to Aβ 1-42. A) Immunocapture with tosyl-activated 

beads; B) Immunocapture with ProG beads. 
 

4. Conclusions 

We developed successfully an enzyme-based approach for evaluation at same time the density and 

orientation of mouse IgG2a immobilized on three different magnetic beads. Using this approach to 

follow the optimization of antibody grafting conditions, more than 70 % of antibodies could be 

grafted on tosyl-activated and protein G beads in the right orientation. The developed method was 

applied for monitoring the density and orientation of anti- Aβ 1-42 antibodies on different magnetic 

bead supports, serving for immunoassays of this amyloid-beta peptide. The antibody NAB228 

grafted on ProG beads exhibited the best performance. The strategy using IdeZ enzyme to check 

the density and orientation of mouse antibodies on magnetic beads provides us a powerful tool for 

optimization and improvement of the performance of immunocapture and immunoassays of target 

biomolecules on magnetic beads. Other applications targeting different biomarkers using this 

enzyme-based method are envisaged to further demonstrate the significance of our work. 
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Fig.S1. The calibration curve of NAB228 under different grafting conditions . 

Conditions 1: PBS buffer  

Condition 2: Tris-Tween 20 (0.05%) buffer and incubated at 25°C for 1h on Thermomixer 

Condition 3: Ammonium sulphate 3 M and sodium borate buffer 0,1 M at pH 9.5 and incubated on 

Thermomixer at 37°C during 16h 

 

 

 

Fig.S2. Chromatograms of (A) initial solution of IdeZ enzyme at 80UI and the supernatant of Idez 

enzyme after incubation 3 hours at 37°C on a Thermomixer at 650 rpm with magnetic beads 

functionalized with B) carboxylic group; C) Protein G; D) Tosyl-activated. 
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Fig. S3. A) Mass spectrometry of five lots of Aβ 1-42 5μM dilluted in NH4OH 0.16%, injected 

directly to MS. B) Determination of molecular weigth of Aβ 1-42 based on m/z of these ionized 

fragments. 
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B) 

 

 

Fig. S4. The picture of the supernatant of Aβ 1-42 peptide, captured by NAB228 immobilized on 

Tosyl-activated and Protein G magnetic beads and 12F4-HRP as a secondary antibody for 1 hour 

prior to the ddition of QuantaRed solution and the incubation for 7 minutes. The intensity of 

fluorescence was measured by FP-750 Spectrofluoromete with the excitation and emission 

wavelengths of 530 nm and 582 nm respectively. 
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Fig. S5. Performance of Aβ 1-42 immunocapture on magnetic beads grafted with different 

antibodies (NAB228, 12F4 and 4G8) specific to Aβ 1-42. A) Immunocapture with tosyl-

activated beads; B) Immunocapture with ProG beads 

 

Fig. S6. Chromatograms of A) Diferent density of NAB228 immobilized on 1000 μg ProG beads 

and B) Different density of NAB228 immobilized on 1000 μg Ts beads (μg/μg). Conditions are 

described in Fig. S1.  
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3.3 CONCLUSIONS 

We successfully developed an enzymatic strategy combined with the SEC-FLD method for 

characterizing anti-Aβ antibody immobilized on three types of magnetic beads regarding their 

density and orientation. The beads grafted with antibodies were employed for immunoassays of 

this amyloid-beta peptide. Protein G beads showed the most effective in grafting with NAB228 

antibody. This opens the perspective for targeting more biomolecules by using magneto-(immune)- 

extraction and enzyme-based methods.  
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Chapter 4:  ELECTROKINETIC PRECONCENTRATION IN CE FOR MNPS 
DETECTION AND INTERACTION MONITORING 

As already mentioned in chapter 2, EOF suppression is in many cases needed to improve the CE 

preconcentration and separation performance. In this chapter, I present the development of a new 

method for EOF modulation and suppression for CE-LIF, relying on the use of BGEs composed of 

large weakly charged compounds. As these species are slowly migrating ones, we could increase 

their ionic strengths (IS, and thus concentrations) to a very high level to suppress EOF without 

introducing too much current as encountered with conventional inorganic buffers for CE. An online 

preconcentration approach, relying on the modulation and suppression of EOF via IS increase, was 

then developed. The first application of this approach was for i) detection of fluorescent MNPs (30 

nm diameter) functionalized with carboxylic groups, which were synthesized by our partner from 

the group of Physico-chimie des Electrolytes et Nanosystemes Interfaciaux (PHENIX, Sorbonne 

University), and ii) monitoring their interaction with aminoglycoside antibiotics, serving for drug 

delivery purpose. The work was also extended for Aβ 1-42 preconcentration. 

4.1 ELECTROOSMOTIC FLOW MODULATION FOR IMPROVED ELECTROKINETIC 
PRECONCENTRATION: APPLICATION TO CAPILLARY ELECTROPHORESIS OF 
FLUORESCENT MAGNETIC NANOPARTICLES (PAPER 2) 
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Abstract 

It is reported in this study a new approach for modulation and even suppression of the 

electroosmotic flow (EOF) to achieve better electrokinetic preconcentration in capillary 

electrophoresis This is based on the augmentation of the buffer’s concentrations to very high levels 

(more than a thousand of mM)  without recourse to any dynamic/permanent coating nor viscous 

gel. The use of large weakly charged molecules as background electrolyte’s constituents allows 

working at extreme concentration ranges without penalty of high electric currents and Joule 

heating. By this way, the electroosmotic mobility could be modulated over a wide range (2 - 60 × 

10-5 cm2.V-1.s-1 under alkaline conditions), and suppressed to levels equivalent to those obtained 

with several neutral coatings.  For demonstration, this new approach was applied for sensitive 

determination of core-shell magnetic nanoparticles (CSMNPs) having high potential for healthcare 

applications such as imaging agents for diagnostics and controllable cargos for nanomedicine.  

Different profiles were achieved for purpose-made and commercial magnetic nanoparticles using 

CE coupled with light-emitting-diode induced fluorescence (LEDIF) detection. Compared to the 

conventional capillary electrophoresis (CE-UV) method for characterization of magnetic 

nanoparticles, our proposed approach with fluorescent detection and EOF-assisted 

preconcentration offers almost 350-fold sensitivity improvement. Furthermore, our scheme can be 

used for monitoring the interaction between CSMNPs and target pharmaceutical molecules, serving 

for drug delivery development. A preliminary study with two antibiotics using this approach 

revealed that kanamycin interacts better with the target nanoparticles than amikacin. 
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1. Introduction 

Nanoparticles are appealing candidates for biomedical and analytical applications (e.g. imaging, 

drug delivery, sensors, magneto-immunoassays, lab on chip development). Their analysis is 

essential to obtain information on their size, shape, potential heterogeneity and surface chemistry 

or functionalization, enabling their practical use for various applications [1, 2]. Capillary 

electrophoresis (CE) is a well-described technique to characterize nanoparticles and monitor their 

interaction with target (pharmaceutical and biological) molecules [3]. These CE characterization 

methods are so far coupled with either UV or MS detection [2, 4]. CE with laser-induced 

fluorescent (LIF) detection of nanoparticles (other than quantum dots) has never been 

communicated to the best of our knowledge. As detection sensitivity is always limited with reported 

CE-UV or CE-MS approaches, some specific modes of on-line preconcentration are often needed 

prior to electrophoretic separations of nanoparticles [5]. In the case of core–shell magnetic 

nanoparticles (CSMNPs) that have been exploited in different health-care applications (i.e. 

multimodal imaging for diagnostics and controllable cargo for drug delivery [6-11]), two 

approaches for on-line electrokinetic preconcentration prior to their CE-UV separations have been 

communicated so far. These include field‐amplified sample injection [12, 13] and dynamic pH 

junction [14], allowing preconcentration of sample plugs accounting for less than 30 % of the total 

capillary volume. Due to the heterogeneous population of nanoparticles in general, and CSMNPs 

in particular, electrokinetic preconcentration from a more significant sample volume (i.e. 

equivalent to 100 % of the capillary one) is more challenging and has not been explored so far. 

 

Large volume sample stacking (LVSS) with polarity switching is a performing electrokinetic 

preconcentration mode in CE that exploits the bulk electro-osmotic flow (EOF) to allow stacking 

of target analytes for enrichment [15-24]. Preconcentration in this case can be realized even from 

a sample solution filling up to 100 % of the capillary volume. LVSS with polarity switching in 

fused silica capillaries requires, however, two different EOF magnitudes for sample 

preconcentration and then separation of stacked analytes. A high EOF is needed to remove sample 

matrix from the capillary during the stacking of negatively charged analytes whereas a much lower 

one (even suppressed EOF) is often required to ensure baseline separation of enriched species. This 

EOF change needed for LVSS with polarity switching can be created through significant buffer’s 

pH variation or the use of neutral capillary coatings [15-24]. To reduce EOF under neutral and 

alkaline conditions, dynamic and permanent capillary coatings are commonly employed [25, 26]. 

An alternative to conventional capillary coating methods has been recently developed, exploiting 
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the potential of nanomaterials as nano-coating layers [27]. EOF can also be suppressed by 

significantly increasing the electrolyte viscosity [28, 29]. Accordingly, viscous gels (i.e. 

polyethylene oxide gel and acrylamide-based hydrogel) were employed to block the apparent 

electro-osmotic (EO) fluid flow [30, 31]. The increase in buffer viscosity to reduce EOF can also 

be carried out by addition of organic modifiers (glycerol, chemical gels or polymer solutions) to 

the running buffer [32]. Another option is to increase the electrolyte’s ionic strength (IS) to such a 

high level that sufficiently compresses the thickness of the diffusion double layer [33-39].  

Nevertheless, this approach normally comes with high current generation and unwanted Joule 

heating effect with conventional CE electrolytes containing inorganic ions. 

 

Herein, we report for the first time a CE coupled with light-emitting-diode (LED) induced 

fluorescence detection approach (CE-LEDIF) for CSMNPs, offering significant improvement of 

detection sensitivity compared to the previously reported methods using UV or inductively coupled 

plasma mass spectrometry (ICP-MS) detection [40-43]. This was achieved with a novel way to 

perform on-line electrokinetic preconcentration of CSMNPs via modulation of the EO mobility 

(µEO) in fused silica capillaries without recourse to any coating nor viscous gel. This method for 

EOF modulation is based on the augmentation of the buffer’s concentrations to very high levels 

(more than a thousand mM) using selected background electrolytes (BGEs) composed of large, 

weakly charged molecules. The magnitude of EOF could be regulated or suppressed whatever the 

pH (neutral and alkaline ranges) of the BGE without incurring high electric currents. The coupling 

of our coating-free electrokinetic preconcentration and CE-LEDIF analysis for sensitive detection 

of CSMNPs as well as monitoring of their interaction with different target pharmaceutical 

compounds is presented. 

 

2. Experimental   

2.1. Chemicals and reagents  

2-(Cyclohexylamino)ethanesulfonic acid (CHES), 3-(Cyclohexylamino)-1-propanesulfonic acid 

(CAPS), 2-(N-morpholino)ethanesulfonic acid (MES), phosphoric acid, 3-(N-

morpholino)propanesulfonic acid (MOPS), Triethanolamine (TEA, ≥98%), Diethanolamine 

(DEA, ≥98%), Ethanolamine (≥98%), Tris(hydroxymethyl)aminomethane (TRIS), sodium 

dodecyl sulphate (SDS), sodium hydroxide (NaOH), acid boric (H3BO3), sodium 

dihydrophosphat (NaH2PO4), disodium hydrophosphat (Na2HPO4), Dimethyl sulfoxide (DMSO 
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99.9%), amikacin sulfate were all provided by Sigma (St. Louis, MO, United States). Kanamycin 

sulfate was obtained from Sequoia Research Product Ltd (Pangbourne, UK). Fluorescein 

isothiocyanate (FITC) was purchased from Beckman (Sciex Separation, Brea, CA). All buffers 

were prepared with deionized water and were filtered through a 0.22 µm membranes (Pall 

Corporation, New York, USA) prior to use. Carboxylate-modified nanoparticles, fluorescent (λex 

~470 nm; λem ~505 nm), 30 nm in diameter were obtained from Sigma (St. Louis, MO, United 

States). 

 

2.2. Apparatus and Material 

Uncoated capillaries were purchased from Phymep (Paris, France). All experiments were 

performed using a Beckman Coulter PA 800 plus system (Sciex Separation, Brea, CA) equipped 

with UV detection and Agilent CE G1600AX Capillary Electrophoresis System (California, USA) 

coupled with a LED-based fluorescence detector (LEDIF with λexcitation: 480 nm, λemission: 520 nm, 

Adelis, Labege, France). Data acquisition for UV detection and instrument control were carried out 

using Karat 9.1 software (Sciex Separation, Brea, CA) whereas fluorescence detection data were 

recorded by Power Chrome software (eDAQ, Australia).  Deionized water used in all experiments 

was purified using a Direct-Q3 UV purification system (Millipore, Milford, MA, USA). 

Conductivity and pH values of buffer solutions and samples were measured by a Seven Compact 

pH meter (Mettler Toledo, Schwerzenbach, Switzerland). Selection of background electrolyte 

(BGE) and buffer IS calculations were simulated by the computer program PhoeBus (Analis, 

Suarlée, Belgium). 

 

2.3. Methods 

Synthesis and physio-chemical characterization of core-shell MNPs 

The Fe2O3@SiO2-COOH core-shell MNPs were synthesized according to reported protocols [9, 

44]. Maghemite MNPs (γ-Fe2O3, with a mean diameter of 12.3 nm) were prepared following the 

procedure described by Massart [45]. They were subsequently size-sorted in order to have a 

narrower size distribution and then coated with citrate anions [46]. The obtained solution (121.2 

µL) of citrated maghemite MNPs at an iron concentration of 1.9 mol/L was dispersed in 10 mL of 

water and 20 mL of ethanol. A coating by a fluorescent silica shell was performed by adding 152.6 

µL of tetraethylorthosilicate (TEOS, Merck), 500 µL of a 30% ammonia solution, and 25.4 µL of 
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aminopropyltriethoxysilane (APTS)-functionalized fluorescein (Sigma-Aldrich) at 18.75 mmol/L. 

After 2 h of agitation, the surface of the silica shell was functionalized with amino groups and short 

polyethyleneglycol (PEG) chains by the simultaneous condensation of APTS (V = 27 µL) and a 

silica PEG-derived compound, 2-(methoxy(polyethyleneoxy)propyl)trimethoxysilane (PEOS, 

ABCR) (V = 61.8 µL), with an appropriate amount of TEOS (V = 50.8 µL) in order to generate a 

cross-linked silica shell. The mixture was stirred overnight. The resulting nanoparticles were then 

rinsed 3 times with a mixture of diethylether/ethanol 15:1 and finally re-dispersed in 5 mL of a 3-

morpholinopropane-1-sulfonic acid (MOPS) buffer at 0.1 mol/L and pH = 7.4. These Fe2O3@SiO2-

NH2 MNPs were then converted to Fe2O3@SiO2-COOH MNPs via a 45 min reaction of 3 mL of 

this dispersion of MNPs with 1 mL of a solution of succinic anhydride at 0.5 mol/L in DMSO. 

Finally, the Fe2O3@SiO2-COOH MNPs were washed with MOPS buffer in PD-10 columns 

containing Sephadex G-25 (GE Healthcare). 

 

The Fe2O3@SiO2-COOH MNPs were then characterized by transmission electron microscopy 

(TEM) on a JEOL 1011 instrument, and by dynamic light scattering (DLS) and zetametry with a 

Zetasizer Nano ZS (Malvern Instruments). The mean physical diameter of the MNPs was measured 

to be 31.7 ± 4.4 nm (see Figure S1 in the electronic supplementary information ESI). The zeta 

potential and hydrodynamic diameter of the MNPs in MOPS buffer were measured to be -23 ± 4.4 

mV and 32 nm respectively (see Fig. S1 in the ESI) with a polydispersity index of 0.25. 

 

 

Fig. S1:  a) Transmission electron microscopy or the Fe2O3@SiO2-COOH MNPs. b) Physical 
diameter distribution obtained by TEM image analysis. The average physical diameter 

of the MNPs is 31.7 ± 4.4 nm. c) Hydrodynamic diameter of the MNPs obtained by 
dynamic light scattering. The MNPs have a hydrodynamic diameter of 32 nm with a 

polydispersity index of 0.25. 
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Measurement of electroosmotic flow (EOF)  

EOF was measured using the Beckman Coulter system and the signals were detected with UV 

detection at 200 nm. The fused silica capillary (I.D. of 50 µm, effective length (Leff) of 10 cm and 

total length (Ltot) of 40 cm) was pre-conditioned with NaOH 1 M for 5 min, DI water for 5 min and 

BGE for 15 min prior to the first use and post-conditioned with BGE for 3 min after each analysis. 

The EOF marker, DMSO (1 % in water) was injected for 10 sec at 50 mbar, followed by application 

of a voltage of 17 kV. All EOF measurements were performed in triplicate. Between analysis, the 

capillary was rinsed with NaOH 1 M for 3 min, DI water for 2 min and BGE for 5 min. 

 

CE-LEDIF of FITC and core-shell MNPs 

These experiments were carried out with the Agilent system coupled with LIF and UV detection. 

Prior to the first use, the silica capillary (I.D. of 50 µm, Leff of 50 cm for UV detection, Leff of 35 

cm for LIF detection and Ltot of 60 cm) was flushed with following sequence: NaOH 1 M for 5 

min, DI water for 5 min, then BGE for 25 min. Before each analysis, the capillary was flushed with 

SDS for 5 min, NaOH for 5 min, then DI water for 3 min and BGE for 5 min. FITC or CSMNPs 

samples were hydrodynamically injected at 50 mbar for 30 s. FITC samples for  CE-LEDIF were 

prepared by dilution of the stock solution FITC (1000 nM) with deionized water whereas CSMNPs 

samples were prepared by dilution of the stock Fe2O3@SiO2-COOH (whose iron concentration was 

0.024 M) with  Tris/ CHES (IS 10 mM, pH 8.5). The samples were prepared daily. The separation 

was performed under 25 kV (normal polarity) at 25oC. The signal of EOF was recorded by UV 

detection whereas FITC and MNPs signals were observed by LIF detection. The fluorescent signals 

(analog signals) were recorded with a data acquisition system and converted into digital ones, 

which are displayed in the mV scale. 

 

Large volume sample stacking (LVSS) with polarity switching - CZE  

For LVSS of FITC or CSMNPs, samples were filled to 100 % of the capillary volume. A voltage 

of - 25 kV was applied at the injection end (inlet) of the capillary for 5 min. The current was 

monitored visually during this process. When the current reached the stable value after a stacking 

duration of 5 min, the polarity of the high voltage was immediately switched to trigger the 

separation. The separation was conducted for 30 min under 25 kV with normal polarity. 
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3. Results and Discussion  

3.1. EOF-assisted preconcentration in an uncoated fused silica capillary 

3.1.1. Suppression and modulation of EO mobility via variation of BGE concentrations 

Our coating-free approach to significantly reduce EOF under alkaline conditions in fused silica 

capillaries is based on the use of BGEs at extremely high concentrations. This approach so far is 

not trivial with conventional BGEs for CE-UV and CE-LIF, which normally contain inorganic ions 

for buffering and pH adjustment, due to too high current generation at certain ionic strength (IS) 

ranges. In our study, various BGEs composed of large weakly charged ions were investigated 

regarding their ability to prevent Joule heating at high IS values. Among all BGEs simulated with 

the Phoebus software (table 1), we selected 16 compositions covering the pH range from 5.5 to 9.6 

for further experiments on µEO suppression. For a selected anion and at the predefined IS of 150 

mM, the cations that allow to produce the highest simulated concentrations and the lowest 

simulated currents were chosen. Accordingly, four organic acids, including CAPS, CHES, MOPS 

and MES were combined with four organic bases (triethanolamine, diethanolamine, ethanolamine 

and Tris). Working with such BGEs at this IS range (150 mM and more) is considered extreme 

because the constituent concentrations can go up to a thousand mM or more (see table 1), which 

are very high compared to those in conventional buffers for CE. 
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The capability for EOF suppression of these BGE compositions is reflected by the measured µEO 

values (Fig. 1).  

 

Table 1. Inorganic-species-free BGE compositions at different pH, simulated with Phoebus  

program   

BGE compositions at 150mM pH 
I (µA) at  
E = 400 
V/cm* 

Mobility (cm2/V.s) Buffer 
capacity 

(mmol/l.pH) 
Remark Cation Anion 

Triethanolamine 150.6 mM + MES 638.6 mM 

5.5 

28 0.00001 

-0.00007 

281 To be tested** 

Diethanolamine 150 mM + MES 638.6 mM 58 0.00031 279.7 To be tested 

Ethanolamine 150 mM + MES 638.6 mM 71 0.00044 279.6 To be tested 

Tris 150.3 mM + MES 638.6 mM 57 0.00030 280.3 To be tested 

Triethylamine 150mM +MES 638.7mM  63 0.00036 279.6  

Diethylamine 150mM + MES 638.7mM 70 0.00044 279.6  

Trimethylamine 150mM+ MES 638.7mM 76 0.00049 279.6  

Triethanolamine 181.6 mM + MOPS 194.6 mM 

7.2 

27 0.00001 

-0.00021 

139.3 To be tested 

Diethanolamine 152.4 mM + MOPS 194.6 mM 57 0.00030 85.2 To be tested 

Ethanolamine 150.6 mM + MOPS 194.6 mM 70 0.00044 81.1 To be tested 

Tris 165.2 mM + MOPS 194.6 mM 56 0.00027 111.4 To be tested 

Triethylamine 150mM +MOPS 194.6mM  62 0.00036 79.9  

Diethylamine 150mM + MOPS 194.6mM 69 0.00044 79.8  

Trimethylamine 150.3mM+ MOPS 194.6mM 75 0.00049 80.4  

Triethanolamine 966,5 mM + CHES 872,7 mM 

8.7 
 

18 0.00001 

-0.00004 

488.9 To be tested 

Diethanolamine 225,7 mM + CHES 872,7 mM 51 0.00020 414.1 To be tested 

Ethanolamine 168,2 mM + CHES 872,7 mM 64 0.00040 340 To be tested 

Tris 582 mM + CHES 817,6 Mm 50 0.00007 551.7 To be tested 

Triethylamine 151.1mM +CHES 872.7mM  56 0.00036 306.7  

Diethylamine 150.7mM + CHES 872.7mM 64 0.00043 305.8  

Trimethylamine 150.3+ CHES 872.7mM 69 0.00046 323.2  

Diethanolamine 751.2 mM + CAPS 872.5 mM 

9.6 
 

36 0.00007 

-0.00001 

563.7 To be tested 

Ethanolamine 294.9 mM + CAPS 872.5 mM 50 0.00024 464.7 To be tested 

Triethylamine 158.69mM +CAPS 872.5mM  43 0.00034 322.4  

Diethylamine 155.3mM + CAPS 872.5mM 52 0.00042 315.7  

Trimethylamine 222.28+ CAPS 872.5mM 58 0.00034 410.8  

  
*  Electric current simulated for a capillary of 50 µm ID  

** This simulated BGE was then experimentally tested for EOF suppression with CE-LEDIF. 

 See equation (1) (GBI calculation) for the logic behind the selection of these BGEs to be  

experimentally tested.  
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Fig. 1. The measured EOF magnitudes at different pH and IS values. A) pH 9.5-10; B) pH 8.4-
8.7; C) pH 7.2-7.4; D) pH 5.5-6.0 Fused silica capillary with ID of 50 µm, Leff of 10 cm, Ltot of 
40 cm. Sample DMSO 0.1%. Hydrodynamic injection at 50 mbar over 10 s. CE voltage 17kV. 

See ‘Experimental section’ and table 1 for preparation of the tested BGEs. 
 

Some µEO measurements were also carried out with the method of Williams and Vigh [47]. The 

results obtained (table S1 in the ESI) showed similar ranges with no remarkable systematic bias 

between two different approaches for µEO measurements. We can assume that the deviation linked 

to the non-thermostated section of the capillary encountered in the short-end injection method for 

µEO measurement is negligible. Whatever the pH and tested combination, the EOF was found to 

decrease drastically from more than 40·10-5 cm2.V-1.s-1 (i.e. the normal EOF magnitudes observed 

with conventional BGEs for CE at these pH values) to less than 10·10-5 cm2.V-1.s-1.  

Table S1: µEO values for different BGEs measured with conventional method and Williams and 
Vigh’s one 

 
Buffers EOF short end (cm2/V/s) Vigh’s method (cm2/V/s) 
Tris- CHES 200 mM pH 8.4 8.90E-05 (RSD 0.94 %) 8.94E-05 (RSD 0.64 %) 
DEA- CAPS 200 mM pH 9.5 9.56E-05 (RSD 0.59 %) 8.46E-05 (RSD 0.55 %) 

 
In some cases, EOF dropped down to 2·10-5 (cm2.V-1.s-1), which is a µEO value achieved with 

different home-made coatings [48, 49] and is very close to that obtained with a commercial 
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permanent neutral  one (poly-vinyl alcohol (PVA) coating, 0.5 - 1·10-5 cm2.V-1.s-1) [50]. This is the 

first time very low µEO values, close to total EOF suppression, have been achieved with such a 

principle. Furthermore, the desired range of EOF can be easily tuned just by changing the BGE’s 

concentrations. This is on the other hand not trivial with coated capillaries which generally exhibit 

fixed µEO values. Capillary regeneration which is sometimes limited by chemical stability of the 

coatings is now possible with our IS-based approach. Among all tested cations, the most efficient 

for EOF reduction was triethanolamine, followed by diethanolamine (see Fig. 1). Besides the 

contribution of extremely high BGE concentrations (to provide elevated IS values), alkylamines as 

the cationic BGE constituents are known to reduce the EOF, which explains the excellent efficiency 

in EOF blocking offered by the tested BGEs. Note that the current was measured over the whole 

capillary, rather than for only the non-thermostated length (10 cm). In both measurements a bias 

due to the non-cooled capillary section may occur [51]. Nevertheless, we considered this bias 

negligible, as the surrounding temperature was less than 30°C [52]. In addition, the relatively small 

currents generated with our BGEs ensured the Joule heating to be reduced, which in turn help 

minimize the bias due to the non thermostated part of the capillary. The Ohm’s law is strictly 

fulfilled at electrical fields less than 250-300 V/cm for all tested buffers (see Fig. S2 in the ESI). 

Depending on the composition of the BGEs, the linear relationship between voltage vs. generated 

current can be maintained up to 400 V/cm in some cases (for instance the BGE composed of TEA-

CHES with ionic strength up to 240 mM). The currents measured for all these BGEs, even at their 

highest IS values, remain inferior to 50 µA under an electrical field of 400 V/cm.  This is considered 

tolerable for a capillary of 50 µm ID [53].  

 

 

Fig. S2. The electrical field versus current profiles for different tested BGEs at their highest ionic 
strengths. The currents were measured on applying variable voltages over a 60.2 cm long 

uncoated fused silica capillary with i.d. of 50 µm. 
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In our IS-based approach for EOF suppression, the increase in IS of the BGE is not limited by the 

generated current as in conventional buffers for CE, but rather by the solubility of the least 

soluble component of the BGE. The highest BGE concentrations (or IS values), and the lowest 

EOF magnitudes, accordingly, were achieved with diethanolamine/CAPS (250 mM, pH 9.5), 

Tris/CHES (280 mM, pH 8.7) and triethanolamine/CHES (250 mM, pH 8.5). It is possible that 

the amine moiety of the tested anions interacts with the silanols and contributes to some certain 

extend to diminish the EOF. However, we expect this effect to be negligible compared to that 

provoked by the cationic constituent of the buffer. The total net charge of the tested anions in the 

working pH ranges is negative, meaning that the positive charge of its amine moiety is 

outnumbered by the sulfonic acid negative one. The anions have therefore less chance than the 

cations to approach the inner capillary surface; and the electrostatic interaction between the 

anions’ amine moiety with silanols is expected to be much less favorable. 

In our approach for EOF suppression, we considered simultaneously different parameters (i.e. 

BGE’s IS, concentrations and generated electric currents) rather than focusing only on the key 

factor IS as in previous studies [33-39]. It is well known that an increase in the buffer’s IS can lead 

to reduction of the electrical double layer thickness, thus decreasing EO mobility. However, for the 

same IS, different BGEs provided different EOF magnitudes, as demonstrated clearly in Fig. 1. 

Accordingly, EOF is not only dependent on the IS of the BGE, but also on its constituents’ nature 

and concentrations which include the cations that can interact with the silanols [54]. Effort was 

therefore made to establish a theoretical index of a good BGE in terms of EOF reduction capacity, 

based on the simulated parameters and the measured µEO values (Fig. 2).  
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Fig. 2. Correlation between calculated good-buffer-index (GBI) values and the experimentally 
measured µEO values for different tested BGE compositions. See ‘Experimental section’ and table 

1 for preparation of the tested BGEs. 
 

A good buffer for EOF suppression should possess an IS and constituents’ concentrations as high 

as possible while generating an electric current (I) as low as possible. The nature and concentration 

of cations in the BGE significantly contribute to the µEO. The cation’s concentration therefore is 

expected to play a more pronounced role for EOF suppression. A high buffer capacity is also 

another factor to consider for a good BGE. Accordingly, we propose a good-buffer index (GBI) as 

follow: 

GBI =
IS × (CC + CA) × CC × β

I
 

with CA, CC (mM) as the concentrations of the BGE constituents (e.g. for Tris / CHES BGE, CA = 

CCHES and CC = CTris); β (mM/pH) as the buffer capacity; and I (µA) as the measured electric 

current generated by the BGE under a fixed electrical field of 400 V/cm. 
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All parameters in the GBI calculation were simulated with PHoeBuS software, except for the 

current values that were measured experimentally. Note that the generated currents could also be 

simulated with PhoeBus, with little deviation from the measured values. In this case, the GBI can 

be fully stimulate-able. To ensure calculation accuracy, different corrections were applied for IS 

calculation, using Debye-Huckel equation for IS of 1-10 mmol/L, Guntelberg equation for IS of 

10-60 mmol/L and Davies equation for IS of 60-500 mmol/L [55]. 

A clear tendency was observed regardless of the pH tested, where BGEs with low GBI values (< 2 

× 109) produced medium and high µEO (> 20 × 10-5 cm2·V-1.s-1) whereas those with high GBI (> 5 

× 109) exhibited efficient EOF suppression (µEO < 10 × 10-5 cm2·V-1.s-1). In the GBI range over 2 

× 109 (see the insert in the Fig. 2), a good correlation between GBI and µEO (r2 = 0.78) was achieved, 

demonstrating the relevance of the proposed model. In case of EOF manipulation for electrokinetic 

preconcentration or separation of target analytes, users can rely on these GBI (or the tendency 

shown in Fig. 2) to check the relevant buffers for the expected EOF ranges. 

 

3.1.2. Large volume sample stacking using EOF modulation 

We propose here a new way of LVSS, using modulation of µEO via BGE’s IS and concentrations. 

The principle behind this EOF-assisted enrichment method is illustrated in Fig. 3.  

 

 

Fig. 3. Principle of LVSS- CE-LEDIF with our new pH-free EOF manipulation approach. 
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As the EOF is manipulated through IS changes rather than pH, our method allows to select the 

best pH conditions for the analytes during preconcentration and separation without recourse to 

any capillary coating. In this case, the low EOF for optimal separation can be generated by 

playing with different BGE’s IS (step 3 in Fig. 3). The use of extremely high BGE concentrations 

to produce such elevated IS, while not trivial with inorganic ions prone to high current 

generation, is now feasible thanks to the very low electrophoretic movement of the large weakly 

charged molecules constituting the BGE. To demonstrate the preconcentration performance of 

our EOF-assisted method, we showed in Fig. 4 a comparison between our LVSS (sample filling 

100 % of the capillary volume) using IS adjustment vs. normal CE (sample filling 7 % capillary 

volume) of FITC 10 nM. By using a BGE composed of 90 mM DEA /CAPS, an EO mobility of 

approx. 20·10-5 cm2.V-1.s-1 was obtained for CZE of FITC, whereas a much higher EOF (µEO of 

50·10-5 cm2.V-1.s-1)   was necessary during the forefront LVSS step.  

  

 

Fig. 4. A) LVSS- CE-LEDIF of 10 nM FITC; B) Normal CE-LEDIF of 10 nM FITC (prepared in 

deionized water). See section ‘Methods’ for LVSS and CE-LEDIF protocols. 

 

By comparing the peak height ratios, a 24-fold improvement was achieved.  The peak height was 

used rather than the peak area, as the former reflects better the signal improvement with 

preconcentration approaches. Indeed, an increase in peak area may be due to peak broadening and 

velocity decrease rather than stacking effect. The difference in signal improvement factor (24) 

and injected volume one (14) between LVSS-CE-LEDIF and normal CE-LEDIF of MNPs is due 

to a certain band broadening observed in CE-LEDIF as the injected volume was quite high (7% 

of the capillary volume) compared to common ones employed for normal CZE. Some peak 

broadening and less peak symmetry were observed with LVSS-CE-LEDIF of MNPs. The peak 
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shape degradation, which comes solely from LVSS due to manual polarity switching required to 

transit the analytes from the preconcentration stage to the separation one, is nevertheless 

acceptable considering a  stacking of the whole capillary volume. Good calibration linearity (R2 = 

0.9982 for 5 points from 1 to 20 nM) and excellent reproducibilities for peak areas (RSD % (n = 3) 

= 1.75 %) and migration time (RSD % (n = 3) = 0.25 %) prove satisfied performance of our 

proposed enrichment method.  

 

3.2. LVSS and CE-LEDIF of CSMNPs 

We developed then a new approach based on these preliminary investigations for sensitive 

detection of CSMNPs, using our coating-free preconcentration strategy coupled with CE-LEDIF. 

To render fluorescent the carboxylic CSMNPs, a FITC-based fluorophore (fluorescein 

isothiocyanate-derived 3-aminopropyltriethoxysilane) was encapsulated in their silica shell during 

the synthesis process without changing their size and surface charge [7, 9]. First, the  CE-LEDIF 

conditions were optimized to separate CSMNPs from the residual fluorophore, using BGE 

composed of either TEA / MOPS (pH 7.4), DEA / MOPS (pH 7.4), TRIS / MOPS (pH 7.4), TRIS 

/ CHES (pH 8.4) or DEA / CAPS (pH 9.7) (Fig. S3 in the ESI).  

 

 

 
Fig. S3. Optimization of background electrolyte compositions for CE-LIF analysis of core-shell 

magnetic nanoparticles (CSMNPs). A) TEA / MOPS (pH 7.4), B) DEA / MOPS (pH 7.4), C) 
TRIS / MOPS (pH 7.4), D) TRIS / CHES (pH 8.4), E) DEA / CAPS (pH 9.7). CE conditions: 

capillary having ID of 50 µm, total length of 60 cm, effective length of 35 cm; high voltage of 25 
kV; sample: CSMNPs in 10-fold diluted BGE; hydrodynamic injection at 50 mbar over 30 s. 

Fluorescent detection at excitation and emission wavelengths of 480 nm and 520 nm respectively. 
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As the CSMNPs were found to be stable in buffers having IS of 100 mM [9, 44, 45], this IS was 

kept constant for all tested BGEs. Indeed, CSMNPs were found stable (with little changes in their 

sizes) for at least 3 days after dispersion in every tested buffer (see table S2 in the ESI).  

Table S2: CSMNPs sizes measured with DLS at different times after dispersion in tested buffers 
having IS of 100 mM 

 
Buffers Size (nm) 

Day 1 Day 4 

TEA- MOPS 41.81 40.31 

DEA- MOPS 44.92 46.91 

Tris- MOPS 48.21 47.14 

Tris- CHES 54.71 61.49 

DEA- CAPS 52.32 52.19 

 

With TEA/MOPS and DEA/MOPS buffers (traces A, B in Fig. S3), peaks of MNPs could not be 

observed due to too long analysis time. The Tris/MOPS buffer (trace C) gave a much broadened 

peak of MNPs. In the cases of Tris/CHES (trace D) and DEA/CAPS (trace E), the separations 

between MNPs and residual fluorophore were satisfactory. The peak height was however much 

smaller when using the DEA/CAPS buffer. The best separation and peak shapes were therefore 

achieved with the TRIS / CHES BGE at IS of 100 mM. The CE profile of CSMNPs 

(polydispersity index PDI of 0.25) was then compared with that of the commercial fluorescent 

latex NPs (average size of 34 nm, PDI of 0.129). Two different peak zones were observed (Fig. 

S4 in ESI). These two NP types display clear differences in their CE profiles (i.e. migration time, 

peak sharpness) which come from their  charge-to-size ratios and PDI differences. As the two 

types of NPs possess similar sizes (i.e. average diameter of 30 nm), the difference in their 

migration times may be more dependent on the variation of their surface charge.   
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C) 

 

Fig. S4. CE-LIF of the commercial fluorescent latex NPs 30 nm (A) and CSMNPs (B).The 
nanoparticles were prepared in 10-fold diluted BGE; hydrodynamic injection at 50 mbar over 30 

s. BGE composed of Tris / CHES (100 mM, pH 8.4). Fluorescent detection at excitation and 
emission wavelengths of 480 nm and 520 nm respectively. (C) Size distribution profile of latex 

NPs 30 nm. 
 
 
The LVSS was then included as a forefront for CE-LEDIF of CSMNPs. As the inclusion of 

LVSS preconcentration induced peak sharpness degradation due to manual polarity switching 

required to transit the analytes from the preconcentration stage to the separation one, a further 

optimization of the LVSS conditions was needed to ensure a good separation between MNPs and 

the residual fluorophore. Optimization of the LVSS process was then carried out by varying the 

IS of TRIS / CHES BGE (from 80 to 140 mM, see table S3 in the ESI for the measured zeta 
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potentials of MNPs dispersed in these BGEs) at the inlet and outlet ends of the capillary (Fig. 

S5).  

Table S3: zeta potential of MNPs dispersed in different buffers 

 BGE  Zeta potential (mV) 

TEA- MOPS, IS 100 mM – pH 7.2 -9.41 

DEA- MOPS, IS 100 mM – pH 7.2 -16.2 

Tris- MOPS, IS 100 mM – pH 7.2 -22.3 

Tris- CHES,  IS 100 mM – pH 8.4 -23.8 

Tris- CHES IS 80 mM – pH 8.4 -25.7 

Tris- CHES IS 120 mM – pH 8.4 -16.5 

Tris- CHES IS 140 mM – pH 8.4 -12.9 

 

 

 

Fig. S5. Optimization of LVSPS for CSMNPs preconcentration. A) Inlet BGE of Tris/CHES 100 
mM, outlet BGE of 100 mM; B) Inlet BGE of Tris/CHES 100 mM, outlet BGE of 140 mM; C) 
Inlet BGE of Tris/CHES 80 mM, outlet BGE of 120 mM; D) Inlet BGE of Tris/CHES 100 mM, 
outlet BGE of 120 mM; E) Inlet BGE of Tris/CHES 120 mM, outlet BGE of 100 mM; F) Inlet 
BGE of Tris/CHES 140 mM, outlet BGE of 100 mM; G) Inlet BGE of Tris/CHES 120 mM, 

outlet BGE of 80 mM. Sample: CSMNPs diluted 4000x in Tris/CHES 10 mM; hydrodynamic 
injection at 50 mbar over 840s to fill 100 % of the capillary volume. Preconcentration was carried 

out under -25kV (negative polarity) over 5 min. The polarity of the high voltage was then 
reversed to trigger CZE separation of the stacked CSMNPs. Fluorescent detection at excitation 

and emission wavelengths of 480 nm and 520 nm respectively. 
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The zeta potential of MNPs can vary depending to the IS and compositions of the dispersion 

buffers. By increasing the IS from 80 to 120 mM using Tris/CHES buffer (pH 8.4), the zeta 

potential of MNPs increased from -25.7 mV to -12.9 mV. Accordingly, this led to shifting of their 

electrophoretic mobilities. The variation of MNPs migration time during optimization of the 

buffer’s IS and pH indeed comes from both changes in EOF magnitudes and MNPs’ 

electrophoretic mobilities. Note again, that effort to optimize the CE and LVSS conditions was  

carried out at IS ranges not far away from 100 mM. Much higher IS (up to 250 mM), while 

expected to further suppress EOF, would be detrimental to MNPs stability and provoke possible 

aggregation of nanoparticles. The best performance was achieved with CSMNPs prepared in TRIS 

/ CHES (IS 10 mM, pH 8.4) for preconcentration, and separation under BGE of TRIS / CHES (IS 

100 mM, pH 8.4). As can be seen from Fig. S6, the superposition of electropherograms from  

different runs demonstrated clearly the very good repeatability for LVSS-CZE of CSMNPs under  

the optimized conditions, with RSD values for migration times of 0.14 % and 2.15 % for the  

intraday and interday tests, respectively. 

 

Fig. S6.  Repeatability of LVSPS for CSMNPs preconcentration. Inlet BGE of Tris/CHES 100 
mM, outlet BGE of 100 mM.  Other conditions as in Fig. S5. 

 

Comparison between CE-LEDIF of CSMNPs with and without LVSS (i.e. sample filling 100 % vs 

7 % of the capillary volume, respectively) was then made (Fig. 5).  
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Fig. 5. A) LVSS- CE-LEDIF of CSMNPs (diluted 4000x in Tris/CHES 10 mM); B)  CE-LEDIF 
of CSMNPs (diluted 4000x in Tris/CHES 10 mM). See section ‘Methods’ for LVSS and CE- 

LEDIF protocols. 
 

The signal registered for CE-LEDIF of nanoparticles without preconcentration is very small and 

close to the detection limit level (Fig. 5B) whereas a high peak was achieved with the inclusion of 

LVSS. Based on peak height ratios, an improvement of detection sensitivity by 20 folds was 

estimated with the EOF-assisted preconcentration. The CSMNPs peak form with LVSS- CE-

LEDIF was a bit more broadened compared to that for normal  CE-LEDIF. The heterogenous 

population of nanoparticles renders the preconcentration of CSMNPs more challenging than that 

of a single soluble molecule, as it is more difficult to stack all nanoparticles of slightly different 

electrokinetic mobilities into a very narrow band. Their peak shapes and resolutions nevertheless 

are satisfactory for further characterization study. Compared to previously reported methods for 

CSMNPs detection [40, 43], our  CE-LEDIF method without LVSS allows an improvement of 3.5 

times (compared to CE-MS) and 17 times (compared to CE-UV) respectively for the detection of 

the CSMNPs' magnetic cores. With the inclusion of the LVSS preconcentration step, a detection 

limit improvement of 340 was achieved compared to conventional CE-UV for this purpose. 

 

Monitoring interaction between nanoparticles and target drugs is an important step for 

nanomedicine development and drug delivery [56, 57]. Working with a low quantity of 

nanoparticles for such study is preferable to avoid problems of cytotoxicity and aggregation. 

Towards this purpose, the potential of the LVSS- CE-LEDIF method to monitor the interaction 

between CSMNPs at an extremely low concentration and two antibiotics (kanamycin and 

amikacin) was tested. In this proof-of-concept study, diluted CSMNPs were mixed with different 
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antibiotic concentrations and analyzed by LVSS- CE-LEDIF (Fig. 6). As shown in Fig. 6A, the 

affinity of the positively charged kanamycin to the carboxylic surface of CSMNPs could be 

confirmed by the clear shift of migration time and change of peak shape in the presence of 

kanamycin. On the other hand, the peak shape and migration time remained almost unchanged with 

amikacin, even at a higher concentration (50 µM) (Fig. 6B). These results point out a probable 

affinity difference of CSMNPs towards these two antibiotics, with much less interaction between 

amikacin and the target nanoparticles compared to the case of kanamycin. Note that the antibiotics 

(i.e. kanamycin 20 µM or amikacin 50 µM) were included in both samples and buffers in order to 

maintain the constant presence of antibiotics at all steps. For the first time, the association 

equilibrium between nanoparticles and target molecules could be maintained during both 

electrokinetic preconcentration and separation steps, rather than only during the separation process 

as in other CE works for such purpose.  

 

Fig. 6. Electropherograms for LVSS and  CE-LEDIF of CSMNPs (diluted 4000x in Tris/CHES 
10mM) with / without Kanamycin 20 µM (A) and with / without Amikacin 50 µM (B). 

Hydrodynamic injection at 50 mbar over 840s to fill 100 % of the capillary volume. 
Preconcentration was carried out under -25kV (negative polarity) over 5 min. The polarity of the 
high voltage was then reversed to trigger CZE separation of the stacked CSMNPs in the presence 

/ absence of the tested antibiotics. BGE composed of Tris / CHES (100 mM, pH 8.4) with /  
without the antibiotics, respectively. Fluorescent detection at excitation and emission 

wavelengths of 480 nm and 520 nm respectively. 
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4. Conclusions 

We developed a successful combination of electrokinetic preconcentration via EOF modulation 

under alkaline conditions and CE-LEDIF separation of nanoparticles. For the first time, EOF can 

be suppressed down to 2·10-5 (cm2.V-1.s-1) in fused-silica capillary without recourse to any capillary 

coating or gel addition, and can be modulated in a wide range just by changing the BGE’s IS. This 

approach opens the door for different modes of EOF-assisted preconcentration in fused silica 

capillaries, which have been made possible till now mainly through the use of neutrally coated 

capillaries. One of its types (i.e. LVSS with polarity switching) was successfully applied to separate 

and detect CSMNPs, with an improvement of 340 times for detection limit compared to the 

conventional CE-UV approach. Development of other modes of EOF-assisted preconcentration as 

well as their exploitations for sensitive and selective determination of biomolecules and nanometric 

entities with CE-LEDIF are envisaged. 
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Fig. S1:  a) Transmission electron microscopy or the Fe2O3@SiO2-COOH MNPs. b) Physical 

diameter distribution obtained by TEM image analysis. The average physical diameter 

of the MNPs is 31.7 ± 4.4 nm. c) Hydrodynamic diameter of the MNPs obtained by 

dynamic light scattering. The MNPs have a hydrodynamic diameter of 32 nm with a 

polydispersity index of 0.25. 

 

 
Fig. S2. The electrical field versus current profiles for different tested BGEs at their highest ionic 

strengths. The currents were measured on applying variable voltages over a 60.2 cm long 

uncoated fused silica capillary with i.d. of 50 µm. 
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Fig. S3. Optimization of background electrolyte compositions for CE-LIF analysis of core-shell 

magnetic nanoparticles (CSMNPs). A) TEA / MOPS (pH 7.4), B) DEA / MOPS (pH 7.4), C) 

TRIS / MOPS (pH 7.4), D) TRIS / CHES (pH 8.4), E) DEA / CAPS (pH 9.7). CE conditions: 

capillary having ID of 50 µm, total length of 60 cm, effective length of 35 cm; high voltage of 25 

kV; sample: CSMNPs in 10-fold diluted BGE; hydrodynamic injection at 50 mbar over 30 s. 

Fluorescent detection at excitation and emission wavelengths of 480 nm and 520 nm respectively. 
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Fig. S4. CE-LIF of the commercial fluorescent latex NPs 30 nm (A) and CSMNPs (B).The 

nanoparticles were prepared in 10-fold diluted BGE; hydrodynamic injection at 50 mbar over 30 

s. BGE composed of Tris / CHES (100 mM, pH 8.4). Fluorescent detection at excitation and 

emission wavelengths of 480 nm and 520 nm respectively. (C) Size distribution profile of latex 

NPs 30 nm. 

 

 

C) 
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Fig. S5. Optimization of LVSPS for CSMNPs preconcentration. A) Inlet BGE of Tris/CHES 100 

mM, outlet BGE of 100 mM; B) Inlet BGE of Tris/CHES 100 mM, outlet BGE of 140 mM; C) 

Inlet BGE of Tris/CHES 80 mM, outlet BGE of 120 mM; D) Inlet BGE of Tris/CHES 100 mM, 

outlet BGE of 120 mM; E) Inlet BGE of Tris/CHES 120 mM, outlet BGE of 100 mM; F) Inlet 

BGE of Tris/CHES 140 mM, outlet BGE of 100 mM; G) Inlet BGE of Tris/CHES 120 mM, 

outlet BGE of 80 mM. Sample: CSMNPs diluted 4000x in Tris/CHES 10 mM; hydrodynamic 

injection at 50 mbar over 840s to fill 100 % of the capillary volume. Preconcentration was carried 

out under -25kV (negative polarity) over 5 min. The polarity of the high voltage was then 

reversed to trigger CZE separation of the stacked CSMNPs. Fluorescent detection at excitation 

and emission wavelengths of 480 nm and 520 nm respectively. 
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Fig. S6.  Repeatability of LVSPS for CSMNPs preconcentration. Inlet BGE of Tris/CHES 100 

mM, outlet BGE of 100 mM.  Other conditions as in Fig. S5. 

 

 
 
Fig. S7.  Chemical structure of antibiotics A) Amikacine and b) Kanamycine 
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Table S1: µEO values for different BGEs measured with conventional method and Williams and 

Vigh’s one 

Buffers EOF short end (cm2/V/s) Vigh’s method (cm2/V/s) 

Tris- CHES 200 mM pH 8.4 8.90E-05 (RSD 0.94 %) 8.94E-05 (RSD 0.64 %) 

DEA- CAPS 200 mM pH 9.5 9.56E-05 (RSD 0.59 %) 8.46E-05 (RSD 0.55 %) 

 

 

Table S2: CSMNPs sizes measured with DLS at different times after dispersion in tested buffers 

having IS of 100 mM 

 
Buffers Size (nm) 

Day 1 Day 4 

TEA- MOPS 41.81 40.31 

DEA- MOPS 44.92 46.91 

Tris- MOPS 48.21 47.14 

Tris- CHES 54.71 61.49 

DEA- CAPS 52.32 52.19 

 
 

Table S3: zeta potential of MNPs dispersed in different buffers 

 
 BGE  Zeta potential (mV) 

TEA- MOPS, IS 100 mM – pH 7.2 -9.41 

DEA- MOPS, IS 100 mM – pH 7.2 -16.2 

Tris- MOPS, IS 100 mM – pH 7.2 -22.3 

Tris- CHES,  IS 100 mM – pH 8.4 -23.8 

Tris- CHES IS 80 mM – pH 8.4 -25.7 

Tris- CHES IS 120 mM – pH 8.4 -16.5 

Tris- CHES IS 140 mM – pH 8.4 -12.9 
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4.2 EOF-ASSISTED PRECONCENTRATION IN CE-LIF FOR AΒ 1-42 PEPTIDE 

With the aim to extend the application scope of our IS-based electrokinetic preconcentration 

approach for CE, I also put my effort to apply the LVSS method using BGE composed of large 

weakly charged molecules for preconcentration and detection of Aβ 1-42 peptide, which is a 

validated biomarker for molecular diagnosis of AD (see chapter II.3 for more details).  

Among the tested BGEs, TRIS-CHES at IS of 90mM at pH of 8.7 was found to provide the best 

CE-LIF signal of Aβ 1-42 labelled with Fluoprobe 488 NHS ester. In addition, the peptide is stable 

in basic pH, which explains the choice of the working pH. The electropherograms are showed in 

Figure 35. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35: Electropherogram of 20 nM Aβ 1-42, labelled with FP488, diluted in TRIS-CHES 5 
mM and separated by normal CE-LIF using TRIS-CHES buffer (pH 8.7) at IS of A) 30 mM; B) 90 
mM; C) 120 mM; D) 140 mM. CE conditions: Fused silica capillary (total length 60 cm, effective 

length 50 cm, inner diameter 50 μm), electrical field 30 kV, injection time 30s under 50 mbar. 
λexcitation 488 nm and λemission 530 nm. 

As can be seen in the Figure 35 A) and B), there are two small peaks of Aβ 1-42 due to the labelling 

C) D) 

A) B) 
FP488 

Aβ1-42 

di-tagged  mono-tagged 
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on one or two lysine of the peptide, resulting in the peak of di-tagged and mono-tagged. The peak 

of residual fluorophore, which was not completely removed by filtration after the labeling step, 

was observed. TRIS-CHES 140 mM was selected for LVSS-CE-LIF of Aβ 1-42 peptide as the 

BGE at a very high IS was needed for EOF suppression and for significant stacking effect. The 

electropherogram of Aβ 1-42 peptide at 5 nm and 1 nm after the LVSS preconcentration are 

illustrated in Figure 36. 

 

 

 

 

 

 

 

 

Figure 36: Electropherogram of Aβ 1-42, labelled by FP488, diluted in TRIS-CHES 5 mM and 
separated in TRIS-CHES 140 mM at pH 8.7 by either normal CE-LIF for Aβ 1-42 (A) 5 nM and 
(C) 1 nM (with injected sample volume accounting for 100 % of the total capillary volume) or 

LVSS with polarity switching prior to CE-LIF for Aβ 1-42 B) 5 nM and D) 1 nM. CE conditions 
were same as described in Figure 35, for electropherograms B and D. Polarity was switched 

after 5 minutes of LVSS. 

The obtained enrichment factor is 18-fold, based on peak area of 5 nM Aβ 1-42. The developed 

method holds the potential to be used for real samples in biofluids in the next stage of the project, 

in order to sensitively detect Aβ 1-42, and expand to other Aβ peptides (such as Aβ 1-40 and Aβ 

1-38), serving for improvement of molecular diagnosis of AD based on separation and detection of 

these peptides. 

4.3 CONCLUSION 

The electrokinetic preconcentration via EOF modulation was successfully demonstrated for MNPs 

separation and detection under alkaline conditions in CE-LIF. Compared to normal CE-LIF 

method, sensitivity improvement by 340 times was achieved. Additionally, EOF can be suppressed 

down to 2.10-5 (cm2.V-1.s-1) in fused-silica capillary without recourse to any capillary coating or 

C) 

D) 

 

D) 

C) 

100 mV 

A) 

B) 
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gel addition and can be modulated in a wide range just by changing the BGE’s IS. The application 

of this electrokinetic preconcentration method for Aβ 1-42 peptide determination was also 

demonstrated. This approach will be  for other biomolecules in the next stage phase of the work.  
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Chapter 5:  NEW ON-LINE OPERATION IN CE FOR DNA EXTRACTION, 
PRECONCENTRATION AND DETECTION 

The advantages features of MNPs in sample preconcentration and the extraction, in which the target 

molecules are captured on bead’s surface are presented in chapter 1 and 2. This chapter will present 

the development of a new dual-stage on-line operation, combining sample extraction on magnetic 

beads and electrokinetic preconcentration of the extracted analyte prior to its separation with CE-

LIF, allowing to avoid laborious off-line sample treatment, contamination from external 

environment, and mismatch of the working volumes between different steps. Accordingly, a new 

instrumental setup was developed to precisely manipulate the magnetic beads and realize several 

sample treatment steps inside the CE capillary. This novel concept and instrument were applied for 

dsDNA extraction and separation. The work was published on Analytica Chemica Acta. 

5.1 ON-LINE DUAL-STAGE ENRICHMENT VIA MAGNETO-EXTRACTION AND 
ELECTROKINETIC PRECONCENTRATION: A NEW CONCEPT AND INSTRUMENTATION 
FOR CAPILLARY ELECTROPHORESIS (PAPER 3) 
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Highlights:  

• In-capillary magneto-extraction and electrokinetic preconcentration of analytes. 

• A new microfluidic and electrokinetic setup for on-line dual-stage enrichments 

• The new dual-stage enrichment approach and setup for DNA purification and detection.  
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Abstract 

This study reports on the development of a new concept of on-line dual preconcentration stages for 

capillary electrophoresis (CE), in which two completely different preconcentration approaches can 

be realized in the same capillary. In the first stage, a dynamic magneto-extraction of target analytes 

on circulating magnetic beads is implemented within the capillary. In the second one, electrokinetic 

preconcentration of eluted analytes via large volume sample stacking is carried out to focus them 

into a nano band, prior to CE separation of enriched analytes. To implement the dual-stage 

preconcentration operation, a purpose-made instrument was designed, combining electrophoretic 

and microfluidic modules to allow precise control of the movement of the magnetic beads and 

analyte’s flows. The potential of this new enrichment principle and its associated instrument were 

demonstrated for CE separation with light-emitting-diode-induced fluorescent (LEDIF) detection 

of target double-stranded DNA (ds-DNA). The workflow consists of purification and 

preconcentration of a target DNA fragment (300 bp) on negatively charged magnetic beads, 

followed by in-capillary elution and fluorescent labelling of the enriched DNA. Large volume 

sample stacking of the DNA eluent was then triggered to further preconcentrate the labelled DNA 

before its CE-LEDIF analysis. An enrichment factor of 125 was achieved for the target DNA 

fragment. With our new approach, dual-stage sample pretreatment and CE separation can now be 

performed in-capillary without any mismatch of working volumes, nor any waste of pretreated 

samples. 
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1. Introduction 

When using capillary electrophoresis (CE) for the analysis of biomolecules, sample pretreatment 

techniques are normally required for matrix removal and preconcentration of target analytes at trace 

levels in complex matrices [1]. Among different strategies for sample processing, solid-phase 

enrichment/extraction on magnetic beads, called magneto-extraction, in which target analytes are 

captured on magnetic particles, attracts much attention in recent years as this strategy offers higher 

throughput and ease of manipulation through external magnetic fields compared to conventional 

solid phase extraction [2]. The combination of magneto-extraction and capillary electrophoresis 

(CE) offers several advantageous features as it combines the high enrichment capability offered by 

functionalized magnetic beads and the high separation power of CE. So far on-line magneto-

extraction and CE have been mostly performed by trapping magnetic particles inside a capillary 

via permanent magnets [3-8]. Commercial CE instruments can serve for this purpose in some cases. 

In our recent work using either microfluidic fluidized beds [9], micro/nanometric droplets [10], or 

a CE capillary [11] as the microreactor, we nevertheless demonstrated that the efficiency of analyte 

extraction is much improved when using circulating magnetic beads instead of bead cluster, 

regardless of the microreactor design used.  

 

In a related context, electrokinetic preconcentration strategies, notably large volume sample 

stacking (LVSS) and isotachophoresis (ITP), have been often used in CE to enhance the detection 

sensitivity [1, 12, 13]. When using electrokinetic approaches for on-line sample enrichment, 

samples are normally injected up to 100 % of the capillary volume and the target analytes filled in 

the whole capillary are then stacked into a nano band at one extremity of the capillary prior to their 

separation by CE. Among different approaches developed so far, LVSS has been favorably used in 

many cases using neutrally coated capillaries for the determination of biomolecules and 

pharmaceutical compounds thanks to the capability of maintaining high separation resolution after 

the preconcentration step [14-16].  Different strategies have recently been developed to further 

improve the performance of LVSS, for instance the multiple cycles of LVSS for sensitive detection 

of beta amyloid peptides [17], combination of LVSS with dynamic pH-junction for determination 

of urinary nucleosides [18],  as well as LVSS under high ionic strengths and with modulation of 

the electro-osmotic flow (EOF) for separation and detection of magnetic nanoparticles [19] and 

carbohydrates  [20]. When using electrokinetic preconcentration in general, or LVSS in particular, 

off-line forefront sample treatment (e.g., filtration, solid-phase extraction, dialysis, etc.) is normally 

required, especially for biofluids, to render the matrix compatible with electrokinetic 
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preconcentration (i.e., low conductivity) and/or to remove possible interferants that may be co-

enriched and overlap the peaks of target analytes. On-line matrix removal and electrokinetic 

preconcentration prior to CE separation of biomolecules are therefore desirable to allow full 

automation (thus high throughput) and integration of all steps into the same separation capillary 

without any problem of working volume mismatch and contamination from the external 

environment. 

 

We report in this study the development of a new enrichment concept for CE, where dual stages of 

dynamic magneto-extraction on circulating magnetic beads and electrokinetic preconcentration are 

performed in the same CE capillary. For this purpose, a new instrumental setup was developed, 

exploiting new features offered by microfluidics to allow precise back-and-forth manipulation of 

flows inside the separation capillary. The new concept and instrument were demonstrated for 

purification and sensitive detection of a target double-stranded DNA (ds-DNA 300bp). Indeed, 

DNA fragments are often used as starting materials for molecular diagnostic applications, in which 

sample preparation is of utmost importance to obtain pure target DNA fragments from complex 

matrices. For CE analysis of DNA fragments, isotachophoresis (ITP) is  an electrokinetic 

preconcentration mode normally used either for DNA purification prior to off-line analysis [21-23] 

or for on-line DNA enrichment prior to their CE separation [24, 25]. The group of Foret and 

Datinska have recently introduced a DNA purification method on agarose gel based on a new 

electrokinetic concept called epitachophoresis [26, 27]. Following this topic, we herein developed 

a new CE method coupled with light-emitting-diode-induced fluorescence (LEDIF) detection for 

double-stranded DNA analysis that combines several steps in the same capillary, including 

purification of the target DNA fragment by dynamic magneto-extraction, fluorescent labeling of 

extracted DNA with a new fluorophore family, electrokinetic preconcentration of the labeled DNA 

fragment, prior to its analysis by CE-LEDIF. 

 

2. Experimental 

2.1. Chemicals, reagents, and samples 

2-(cyclohexylamino)ethanesulfonic acid (CHES), 3-(cyclohexylamino)-1-propanesulfonic acid 

(CAPS), 3-(N-morpholino)propanesulfonic acid (MOPS), triethanolamine (TEA, ≥98%), 

diethanolamine (DEA, ≥98%), tris(hydroxymethyl)aminomethane (TRIS), sodium hydroxide 

(NaOH), Gelgreen 10000X in water were obtained from Sigma (St. Louis, MO, United States). 
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Ampure XP (pH 8.0- 8.4; Specific gravity 1.127 (water = 1); conductivity 93- 99 (mS/cm)) was 

purchased from Beckman (Sciex Separation, Brea, CA). The GeneRuler™ Low Range DNA 

Ladder and DNA NoLimit 300bp at 0.5 μg/ µL were provided by Thermo Fisher (Massachusetts, 

USA). All buffers were prepared with deionized water and were filtered through a 0.22 µm 

membranes (Pall Corporation, New York, USA) prior to use.  

 

2.2. Apparatus and Material 

Polyimide coated fused silica capillaries of 50 µm id and 375 µm od (TSP050375, Polymicro, CM 

Scientific, Silsden, UK) or UV transparent coated fused silica capillaries of 50 µm id and 375 µm 

od (TSH050375, CM Scientific, Silsden, UK) were used for all CE experiments. The off-line 

methods were developed using a Beckman Coulter MDQ system (Sciex Separation, Brea, CA, 

USA) equipped with a LEDIF (with λexcitation: 480 nm, λemission: 520 nm, Adelis, Labege, France). 

Data acquisition for fluorescence detection was carried out with Power Chrome software (eDAQ, 

Australia).  Deionized water used in all experiments was purified using a Direct-Q3 UV purification 

system (Millipore, Milford, MA, USA). Conductivity and pH values of buffer solutions and 

samples were measured with a Seven Compact pH meter (Mettler Toledo, Schwerzenbach, 

Switzerland). Selection of background electrolyte (BGE) and buffer IS calculations were simulated 

with the computer program PhoeBus (Analis, Suarlée, Belgium). The Minitab statistical software 

17 was used to design the two-level-three-factors (32) ½ fraction experiments for DNA labelling 

protocol. Fluorescence spectra were measured with a FP-750 Spectrofluorometer from Jasco 

(Lisses, France) at the excitation and emission wavelengths of 488 nm and 530 nm, respectively 

using a 40 µL quartz cuvette (Starna Scientific, Essex, England). 

 

For the purpose-made instrument (see photos in Fig. S1 in the supporting information ESI, and 

more details in section 3.1 below), all fluid connections were made with 0.02 in. inner diameter 

(id) and 1/16 in. outer diameter (od) PFA tubing (Upchurch). The electrophoresis module, 

constructed according to our recent modular design [28], was based on a dual polarity high voltage 

power supply (HVPS for CZE, Villa Labeco, Slovakia) and the microfluidic manifold 

(ElectroWell) purchased from Fluigent (Paris, France). Capillary flushing and sample injection 

were implemented with a pressure and vacuum controller (PushPull, Fluigent) connected to a 

vacuum pump (MZNT, Vacuubrand, Wertheim, Germany) and a compressed air generator (FLPG, 

Plus, Fluigent). Fluorescent detection was carried out with a LED induced fluorescence (LEDIF, 
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Zetalif) detector purchased from Adelis (Toulouse, France). The resulting signal was recorded with 

a Mini-corder ER180R data acquisition system (eDAQ Europe, Warsaw, Poland) connected to the 

USB-port of a personal computer. The magnetic tweezers were produced in-house according to the 

design reported elsewhere [10, 29]. They are composed of a couple of ferromagnetic tips activated 

by magnetic coils (product No 357-788, RS Components SAS, Beauvais, France). Two cameras 

for bead observation were purchased from Dino Lite (product no. AM4113ZT, Ludres, France).  

A) 

 

B) 

 

Fig. S1. A) Photo of the purpose-made instrument for on-line dual-layer enrichment for CE-
LEDIF analysis.   B) Zoom in the setup of four pairs of magnetic tweezers for magnetic bead 

capture in a 50 µm I.D. capillary 
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2.3. Methods 

Off-line fluorescent labelling of dsDNA for CE-LEDIF  

Gelgreen 3X was daily prepared by adding 1 µL Gelgreen 10000X to 3.3 mL deionized water. The 

dsDNA stock solution at concentration of 10 ng/µL was prepared by diluting 2 µL of the dsDNA 

ladder or a dsDNA fragment (300bp) at 0.5 μg/µL with 98 µL water. These stock solutions could 

be stored at 4oC for one week. The dsDNA solutions at desired concentrations were obtained by 

diluting the stock dsDNA solution in water. For dsDNA fluorescent labeling, 10 µL of Gelgreen 

3X was mixed with 50 µL of the dsDNA solution. This mixture was incubated at 20oC for 25 

minutes on a compact Thermomixter (Eppendorf, Hambourg, Germany) at 300 rpm. Further 

information on optimization of the dsDNA labelling procedure can be referred to section 3.2. 

 

Purification of dsDNA by Ampure XP 

180 µL of dsDNA solution was incubated with 324 µL of Ampure XP at room temperature for 20 

minutes on a Thermomixer at 650 rpm. Next, the supernatant was separated from magnetic beads 

with the help of a magnet. 60 µL of Gelgreen 3X was then added to the magnetic beads and the 

suspension was incubated at 20oC for 25 minutes on a Thermomixter at 300 rpm to release and 

label the target DNA. Finally, the supernatant was collected and transferred to a vial for subsequent 

analysis.  

 

CE-LEDIF for separation and detection of dsDNA using the MDQ system 

Prior to the first use, the silica capillary, with I.D. of 50 µm, effective length (Leff) of 40 cm for 

LEDIF detection and total length (Ltot) of 70 cm, was preconditioned with the following sequence: 

NaOH 1 M for 5 min, DI water for 5 min, then BGE (composed of diethanolamine / CHES at ionic 

strength of 40 mM, i.e., diethanolamine concentration of 60 mM and CHES concentration of 233 

mM, and pH 8.4) for 30 min. Between each analysis, the capillary was rinsed with NaOH for 5 

min, then DI water for 3 min and BGE for 10 min. DNA samples (dsDNA ladder or 300bp 

fragment) were hydrodynamically injected at 50 mbar for 15 s. The separation was performed under 

25 kV at 25oC. All measurements were performed in triplicate. 

 

Large volume sample stacking (LVSS) with polarity switching using the MDQ system 
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The DNA sample (dsDNA ladder or 300bp fragment) was filled to 60% of the capillary volume. A 

high voltage of - 25 kV was applied at the inlet of the capillary for 2.5 min and the current was 

monitored during this process. When the current reached the stable value, the polarity of the high 

voltage was immediately switched to trigger the separation. The separation was conducted under 

25 kV.  

 

3. Results and Discussion 

3.1. Principle of on-line dual-stage enrichment and instrumental conception  

The schematic outline of on-line dual-stage enrichment concept is demonstrated in Fig. 1. 

Functionalized magnetic beads are first injected into the capillary via hydrodynamic injection, and 

then trapped or released thanks to the magnetic tweezers positioned in proximity of the capillary 

inlet and outlet. By alternatively switching on/off the two magnetic tweezers and applying a back-

and-forth hydrodynamic flow, the magnetic beads can circulate between the two pairs of magnetic 

tweezers (steps 1 - 2) in order to implement efficient magneto-extraction of target analytes. After 

their extraction, the target analytes are released by flowing a given volume (smaller than the total 

capillary volume) of an eluting solution. The elution step takes place in the absence of magnetic 

field to have access to the whole beads surface (step 3). Subsequently, a high voltage is applied to 

trigger the preconcentration step ( steps 4-5). The online electrokinetic preconcentration via LVSS 

is required to stack the analytes that are eluted from the magnetic beads into a large elution volume 

(more than 50 % of the total capillary volume). In principle, CZE separation should be done with 

an injected sample plug accounting for less than 2 % of the total capillary volume to avoid peak 

band broadening. However, if such a small plug of eluent is used, this tiny eluent plug that will 

serve as the sample plug for subsequent CE separation can be easily diluted by the surrounding 

background electrolyte. Furthermore, the beads cannot circulate in this small volume for efficient 

analyte elution. To overcome this challenge, we employed a large elution volume to improve the 

elution efficiency. This comes with the need of the second stage of electrokinetic preconcentration 

to bring the eluted analytes into a nano band prior to their separation. This is indeed the significance 

of our on-line dual-stage enrichment approach. The enriched analytes were then separated by CE 

in the same capillary under a high voltage without any loss of sample (step 6). Note that during the 

electrokinetic preconcentration and CE separation of eluted analytes, the magnetic tweezers should 

be turned off to release the magnetic beads in the absence of a hydrodynamic flow (see section 3.3 

below for more details).  After the CE separation, beads are removed from the capillary by flushing 
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with BGE while the magnetic tweezers are deactivated (step 7). In principle, the sample can be 

allowed to flow back and forth with the circulating beads in the capillary to further improve the 

extraction efficiency. The beads are expected to repeat the circle of ‘circulation – packing – 

recirculation – packing’ between two magnetic tweezers. Nevertheless, in this proof-of-concept 

work, the cycle number in each step of the proposed protocol (7 steps, Fig. 1) was kept minimum 

to avoid too many uncertainties during the system development and methodology optimization.  

 

 

Fig. 1. Proposed principle of on-line dual-stage enrichment for CE, with magneto-extraction on 
circulating magnetic beads and electrokinetic preconcentration. 

 
Such operations with circulating magnetic beads (rather than with bead clusters using permanent 

magnets), which allow for the first time two stages of on-line preconcentration via extraction on 

beads and subsequently electrokinetic preconcentration, cannot be performed so far with any 

commercial CE instrument, to the best of our knowledge.  

We thus designed and built on purpose a CE instrument that hyphenates microfluidic, magnetic 

and electrophoretic operations. A schematic design of the system and the setup of magnetic 

tweezers are shown in Fig. 2A and Fig. 2B, respectively.  
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A) 

 

B)  

 

Fig. 2.  A) Simplified schematic drawing of the purpose-made instrument. HV: high voltage; 
GND: electrical ground; Pt: platinum electrodes. B) Photo of the magnetic tweezer 

setup. 

Extensions and modifications have been made to our previous CE designs [11, 28] in order to 

incorporate advanced features that were not possible in any precedent purpose-made CE 

instrument. These advanced features include i) precise manipulation of solutions and beads 

suspension with both vacuum and pressurization, and ii) controllable capture and release of 

magnetic beads in capillaries of 50 µm I.D. A newly released off-the-shelf push-and-pull module, 

conventionally used to generate micro- and nano-flows in microfluidics, was employed for CE 

injection and capillary flushing in our system. The negative and positive pressures required for 
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back-and-forth flow can be triggered, altered and monitored via a knob and a display integrated 

on this push-and-pull module (manual mode) or with a computer (automatic mode). Thanks to 

this new microfluidic setup with the negative and positive pressure controls, the sample can be 

aspirated back to the capillary for recirculation if required and therefore it is not unintentionally 

lost out of the capillary outlet. To efficiently trap magnetic beads (Ampure XP beads) inside a 50 

µm I.D. capillary, our preliminary tests with a single magnetic tweezer (as in our previous work 

on the capture of magnetic beads in a 75 µm I.D. capillary [11]) were unsuccessful. Two 

magnetic tweezers were therefore positioned at each trapping point to generate a higher magnetic 

field gradient by focusing the magnetic field lines. Accordingly, two pairs of magnetic tweezers 

were positioned at both sides of the capillary (i.e., one pair at 15 cm from the ground side, and 

another pair at 14 cm from the first one) to allow magnetic beads to circulate in the capillary zone 

defined by these magnetic tweezers. To generate sufficient magnetic fields to capture magnetic 

microbeads inside a 50 µm capillary, big coils were needed, as can be seen in Fig. 2B. In 

addition, two cameras were required to follow the circulation of magnetic beads. Synchronization 

of the activation / deactivation of magnetic tweezers, which is needed to capture and release 

magnetic beads in different in-capillary operations, is another critical point which is not trivial 

with a commercial CE instrument. For all these reasons, a purpose-made setup was developed 

and employed. Note that the tweezers were positioned on a straight capillary instead of a coiled 

one to avoid generation of magnetic fields at different unwanted points (see Fig. 2B). All fluidic 

controls were carried out from the ground end of the capillary, and the high voltage was insulated 

in a safety cage. The details of a typical on-line dual-stage enrichment workflow using our 

purpose-made instrument are given in Table 1. In this protocol, beads are aspired into the 

capillary from the HV end. This is followed by back-and-forth circulation of magnetic beads in a 

sample flow. Elution is then carried out with an eluent flow injected from the HV end of the 

capillary prior to on-line electrokinetic preconcentration and separation of eluted analytes. 

 

Table 1. Typical operation protocol for on-line capture, elution, fluorescent labeling and CE-
LEDIF of dsDNA using the purpose-made instrument 
 

Step Operation Working vial 
Pressure 

(mbar) 

Dual pairs of 

tweezers 1 

Dual pairs of 

tweezers 2 
HV 

Time 

(min) 

1 
Aspiration of magnetic 

beads 

Ampure XP 
-300 OFF ON OFF 1 
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2 

Forward flow of 

dsDNA  standard 

solution 

Mixture of DNA / 

ampure -200 OFF ON OFF 6 

3 

Backward flow of 

dsDNA  standard 

solution 

Mixture of DNA / 

ampure 200 ON OFF OFF 10 

4 Elution and labeling Gelgreen -200 OFF ON OFF 6 

5 
Elution and labeling 

(Repeat 4 times) 

Gelgreen 200 OFF ON OFF 
6 x 4 

-200 OFF ON OFF 

6 Preconcentration BGE 0 OFF OFF ON 2 

7 CE separation BGE -50 OFF OFF ON 25 

 

 

3.2. Methodological development for purification and CE-LEDIF analysis of the target DNA 

fragment 

dsDNA labeling and CE-LEDIF of labelled DNAs 

DNA separation by CE conventionally relies on coated capillaries, as well as intercalating dyes 

(e.g., ethidium bromide, SYBR green) for fluorescent detection of DNAs [30, 31]. Capillary 

coating was not desirable in the presence of circulating microparticles according to our preliminary 

tests, probably due to possible collision of the circulating particles to the capillary wall. In addition, 

straightforward and fast operations are required in our case because all forefront sample treatment 

steps prior to CE preconcentration / separation and fluorescent detection of DNA (including DNA 

purification, elution and fluorescent tagging) are expected to be sequentially performed in-

capillary. We therefore put our efforts to develop a new coating-free CE method with a fluorescent 

tagging protocol for these purposes. This approach to stain dsDNA is based on an alternative dye 

that was found to be safer, more stable and more sensitive than traditional ones [32]. This dye, 

named Gelgreen, intercalates in the DNA strands, allowing the detection of the DNA-dye complex 

at excitation and emission wavelengths of 480 nm and 520 nm, respectively, which can be provided 

with a LED-based detector. A two-level-three-factors (32) ½ fraction experiment was designed to 

optimize the labelling protocol, including (i) the dye / dsDNA ratio (v/v) (from 0.2 to 2), (ii) the 

incubation time (15 to 60 minutes) and (iii) the incubation temperature (low 20oC and high 30oC). 

Among the investigated factors, the dye / dsDNA volume ratio was found to provide the highest 
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impact on the labeling performance. As can be seen in Fig. S2 in the ESI, the fluorescent intensity 

at a dye / dsDNA volume ratio of 1/5 is superior to that obtained with the ratio of 1/1. The obtained 

fluorescent signals were found stable for 3- 5 days at room temperature. The incubation time was 

also optimized, and was found to provide the best performance at 25 min for the chosen dye / 

dsDNA volume ratio of 1/5. The incubation time was nevertheless found to have less impact than 

the volume ratio. 

 

 

Fig. S2. Fluorescent intensity obtaining by FP-750 Spectrofluorometer for dsDNA ladder labeling 
conditions using GreenGel in term of different ratio volume Vgel: VdsDNA (μl: μl). 

A) Gelgreen; B) Ratio volume Vdye: VdsDNA (μl: μl)  of 2:1; C) Ratio volume Vdye: VdsDNA (μl: μl)  
of 1:1; D) Ratio volume Vdye: VdsDNA (μl: μl)  of 0.8:1; E) Ratio volume Vdye: VdsDNA (μl: μl)  of 

0.5:1; F) Ratio volume Vdye: VdsDNA (μl: μl)  of 0.2:1 
 

We next examined the coating-free CE of fluorescently labeled DNAs. From our previous studies 

[19, 20, 33, 34], BGEs composed of large weakly charged molecules were found to offer high 

performance (in terms of higher separation resolution and higher signal intensity) for CE-LIF 

analysis of biomolecules, thanks to the better stacking effect and the possibility to modulate and 

suppress the electro-osmotic flow (EOF) without recourse to any capillary coating, as well as to 

minimize unwanted adsorption of biomolecules to the capillary wall. Accordingly, CE separations 

of DNA were implemented using BGEs at pH 7-9 composed of one organic acid (i.e., CAPS, 

MOPS or CHES) and one organic base (i.e., Tris, triethanolamine, diethanolamine or 

ethanolamine). High EOF magnitudes (more than 35x10-5 cm2/V/s) achieved with the BGE’s ionic 

strength (IS) of 30-50 mM were required in our conditions in order to sweep the negatively charged 

dsDNA fragments counter their electrophoretic mobilities towards the detector. Among all tested 

BGEs (see Fig. S3 in the ESI), the one composed of diethanolamine and CHES at ionic strength of 
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40 mM (pH 8.4) was chosen as the optimal as it offers the highest signal intensity. Note that in this 

proof-of-concept work, only one target analyte (300 bp DNA fragment) was extract specifically 

prior to its electrokinetic preconcentration and CE separation, so a high-resolution separation 

method was not needed. We therefore did not put our effort to develop a high-resolution CE 

method, as long as the main peak of the target analyte was well observed and quantifiable after the 

dual-stage preconcentration step. 

 

 

 

 

 

 

 

 
 

Fig. S3. CE-LEDIF separation of dsDNA ladders using different BGE compositions. CE 
conditions: uncoated fused silica capillary of 50 µm I.D., 50 cm effective length and 60 cm total 

length; HV of 25 kV; detection at excitation / emission wavelengths of 480 and 520 nm, 
respectively. A) Tris-CHES 50 mM pH 8,4; B) Diethanolamin-MOPS 40 mM pH 7.2; C) 

Diethanolamin-CAPS 50 mM pH 9.2; D) Diethanolamin-CHES 40Mm pH 8.4; E) 
Triethanolamin-CHES 40mM pH 8.4. 

 

Off-line dsDNA purification and on-line electrokinetic preconcentration of eluted and labelled 

dsDNA 

An off-line DNA purification protocol was then developed to extract selectively a target DNA 

fragment (300 bp in our study) from a DNA mixture. Here we used the Ampure XP magnetic bead 

suspension dedicated to the purification and selection of a defined dsDNA size, based on the 

volume ratio between the Ampure XP suspension and DNA ladder sample (see reference [35] and 

Fig. S4 in ESI for the working principle). Briefly, DNA precipitation relies on solid-phase 

reversible immobilization, in which negatively charged magnetic beads can reversibly bind to 

target DNA under specific concentrations of polyethylene glycol (PEG) and NaCl salt. The size of 

a target DNA to be captured can be tuned by adjusting the volume ratio of Ampure XP kit (a 

commercial buffer solution containing magnetic beads, PEG and salt) to DNA solution. For the 
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extraction of the 300 bp fragment, the volume ratio of 0.9:1 (or 0.9X) was chosen. 

 

 

 

 

 
Fig. S4. Workflow for DNA purification using the Ampure XP beads. For more information, 

refer to the instructions for use provided by BeckmanCoulter 
https://www.beckman.fr/reagents/genomic/cleanup-and-size-selection/pcr/performance 

 

 The dye solution was then used to elute the DNA fragments previously retained on beads, and at 

the same time fluorescently label the eluted ones. Fig. 3 shows the electropherograms obtained for 

CE-LEDIF analysis of a 300 bp dsDNA fragment with and without forefront off-line treatment 

with Ampure XP. A preconcentration factor of 3 was expected for the former case, based on the 

ratio between elution volume and that of the sample containing Ampure XP and dsDNA. From Fig. 

3, the observed peak intensity was found 3-fold higher when using Ampure XP, demonstrating no 

significant loss of the target DNA fragment after its capture, elution and fluorescent labeling. Note 

that the peak of DNA is relatively large, compared to the performance obtained with conventional 
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capillary gel electrophoresis. In our work (at the proof-of-concept stage), we had to find a 

compromise between bead circulation, good fluorescent labeling without residual peak and 

separation resolution. As long as only one DNA peak is concerned, this would not pose any problem 

of peak identification. 

 
Fig. 3. Separation and detection of labelled 300 bp DNA fragment with CE-LEDIF. A) 
Electropherogram of DNA 300 bp fragment (1 ng/µL in water) without purification; B) 

Electropherogram of DNA 300 bp fragment (1 ng/µL in water) purified and enriched with the 
Ampure XP suspension. CE conditions: BGE: Diethanolamine / CHES at ionic strength of 40 

mM and pH 8.4; uncoated fused silica capillary of 50 µm I.D., 40 cm effective length and 70 cm 
total length; HV of 25 kV; detection at excitation and emission wavelengths of 480 and 520 nm, 

respectively. 
 

The protocol was then tested with a DNA ladder (100-700 bp), and the electropherogram for the 

purified and enriched DNA fragment was compared to that from the whole DNA ladder (Fig. 4). 

The peak for 300 bp fragment was well extracted and 3-fold enriched (based on peak height 

comparison), confirming the good performance of the method when applying to a DNA standard 

mixture. A small peak close to the principle one was as well observed (Fig. 4), probably due to the 

(partial) co-extraction of the 400 bp fragment when using the Ampure XP / DNA ratio of 0.9X.  
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Fig. 4. Separation and detection of labelled dsDNA ladder (100-700 bp) with CE-LEDIF, with 
and without forefront off-line purification using the Ampure XP suspension. CE conditions as in 

 

The last step of the protocol, i.e., electrokinetic preconcentration of the target eluted and labeled 

DNA fragment (300 bp) via LVSS with polarity switching, was then investigated. The eluent, 

obtained after off-line elution of DNA from Ampure XP-beads and fluorescent labeling of DNA, 

was used as the CE sample. This eluent solution filled up to 60 % of the capillary volume. A voltage 

of -25 kV was then applied to trigger the electrokinetic preconcentration process. An elevated EOF 

magnitude is required at this stage to drag the labeled DNA fragment in the capillary towards its 

inlet, and at the same time allow the BGE to gradually replace the sample matrix inside the 

capillary. This can be achieved using a sample matrix (the dye in water in our case) with a 

conductivity much lower than that of the BGE during LVSS preconcentration [19]. The dye in 

water was considered the most relevant elution solution, as it allows at the same time elution of the 

captured DNA from beads (thanks to electrostatic repulsion of negatively charged DNA fragments 

and carboxylic beads in an aqueous medium), fluorescent labeling of the released DNA, and 

provides a low matrix conductivity which is required for subsequent electrokinetic 

preconcentration of the labelled DNA fragment. The polarity of the HV was then switched when 

the BGE replaced the dye matrix in the capillary, in order to implement a transition to CE separation 

of the enriched and labelled DNA fragment (300 bp). As can be seen in Fig. S5 in ESI, successful 

preconcentration of the target DNA fragment was achieved for various concentrations. Good 

calibration curves were achieved in both cases, with the coefficient of determination, R2, better 

than 0.991.   
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A)       B)  

 

C)       D) 

 

D)  

 

 
 
 
 

Fig. S5. Electropherograms for electrokinetic preconcentration of DNA eluents using LVSS with 
polarity switching and CE-LEDIF separation of the enriched DNA fragments. A) The sample 

containing a 300 bp DNA fragment at different concentrations, purified with Ampure XP at the 
ratio of 0.9X; A.1) Blank; A.2) 0.01 ng/μL; A.3) 0.05 ng / μL 

B) The sample containing DNA ladder (100-700 bp) at different concentrations, purified with 
Ampure XP at the ratio of 0.9X. BGE: Diethanolamine / CHES at IS of 40 mM and pH 8.4. B.1) 

Other CE conditions as in Fig. S3. 
C) and D) Calibration curves obtained for the tests (A) and (B), respectively. 

 

3.3. On-line dual-stage enrichment and CE-LEDIF analysis of dsDNA 

To demonstrate the new on-line dual-stage preconcentration concept, efforts were then made to 

integrate into a separation capillary all steps that were discretely developed (see section 3.2), using 

the purpose-made instrumentation. More challenges were identified for in-capillary operations. 

First, injected magnetic beads from the Ampure XP suspension had to be controlled and monitored 

in the way that a maximum quantity could be retained by magnetic tweezers without exceeding 
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their capture capacity that otherwise leads to loss of magnetic beads. Second, the flowrates had to 

be tuned during recirculation of magnetic beads inside the capillary, in the way that the dragging 

force induced by the hydrodynamic flow is higher than the gravity of magnetic beads (to avoid 

sedimentation of beads along the capillary), and at the same time smaller than the magnetic force 

generated by magnetic tweezers (to allow the beads to be retained at defined points over the 

capillary). Optimizations of in-capillary operations were therefore implemented in two stages to 

overcome these hurdles. In the first stage, focus was put on the electrokinetic preconcentration of 

released and labelled DNA fragment in the presence of magnetic beads and dye inside the capillary. 

Accordingly, all steps except for the capture of 300 bp DNA fragment on magnetic beads, i.e., steps 

2-7 in Fig. 1, were realized on-line, using magnetic beads retaining this DNA fragment (with step 

1 carried out off-line) as the starting point. It was found that if magnetic beads were not successfully 

trapped at the elution step (step 3 in Fig 1), failure of LVSS occurred where several scattered peaks 

of this DNA fragment were observed (see Fig. S6 in ESI).  

 

 

Fig. S6. LVSS of DNAs after in-capillary release from trapped magnetic beads. A) Most of 
magnetic beads were trapped with dual pairs of magnetic tweezers during the elution step; B) 
Magnetic beads were partially trapped with dual pairs of magnetic tweezers during the elution 

step; and C) Magnetic beads were not well retained using only one single pair of magnetic 
tweezers during elution. Failure of LVSS was more evident with the cases (B) and (C) where 

with several scattered peaks were observed. 
 

During LVSS of the released DNA fragment under high voltage application (step 4 in Fig. 1), if 

the magnetic beads were always trapped by magnetic tweezers, they created a barrier inside the 

capillary, preventing the EOF to flow fluently. The EOF was accumulated to some certain point 

until the accumulated force can break the cluster of magnetic beads, resulting in failure of LVSS 
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due to flow perturbation during the electrokinetic preconcentration process (see Fig. S7 in ESI).  

 

   A)    B) 

 

C) 

     

   C) 

 

 

 

 

Fig. S7. Behavior of trapped magnetic beads during LVSS of released DNA fragments. A) All 
beads were trapped at pair of tweezers. B) A back-flow appeared during LVSS, pushed the 

beads’blog to inlet. C) The blog of beads was broken and the failure of LVSS. 
 

In order to avoid this unwanted phenomenon which mechanism was not elucidated yet, the 

magnetic tweezers were turned off to release the beads during LVSS. By fully trapping magnetic 

beads at the elution step (step 3), and releasing them during the LVSS step (step 4), we were able 

to obtain a single peak of the released, labelled and enriched 300 bp DNA fragment by CE-LEDIF 

(see Fig. 5). The current was stable at 14-15 µA during the electrokinetic preconcentration and 

separation operations (steps 5-6), without any problem of current drop or blockage observed. The 

peak heights and peak areas are well correlated to the DNA concentrations (Fig. 5), proving the 

successful operation of these steps. A good calibration curve was acquired for 4 different 

concentrations with the coefficient of determination (R²) of 0.9904 and the limit of quantification 

of 2.5 ng/µL. Satisfactory intra-day repeatability was achieved for the peak of DNA at 5 ng/µL, 

with RSD of 3.3 % for migration times and 3.9 % for peak areas, respectively. As only one single 
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peak of the target DNA was expected after the dual-stage preconcentration steps, some fluctuation 

of migration time would be tolerable for the peak identification. 

 

Fig. 5. DNA 300 bp fragments at different concentrations purified off-line, then on-line eluted, 
labelled and electrokinetically preconcentrated prior to CE-LEDIF analysis. (A) Dye in water 
(blank); CE-LEDIF of dsDNA 300 bp at (B) 2,5 ng/μL; (C) 5 ng/μL; (D) 10 ng/μL. Other CE 

conditions as in Fig. 3. Note that the dye gives the fluorescent signal only when it intercalates in 
the DNA fragment, therefore there is no peak of free dye. 

 
In the second stage, all steps in the protocol (steps 1-7 of Fig. 1) were subsequently realized in the 

capillary, where the 300 bp DNA fragment was captured, released, labelled, and electrokinetically 

preconcentrated prior to CE separation. A flow of the DNA standard solution (3 µL) was flushed 

through the circulating magnetic beads in the capillary for magneto-extraction of target DNA 

fragments (stage 1). Indeed, to circulate the magnetic beads and to avoid the permanent falling of 

beads onto the capillary wall, the sample flow should be high enough so as the hydrodynamic force 

generated by the sample flow is stronger than the beads’ gravity force. The sample flow therefore 

passes through the beads during their circulation. To assure high efficiency of DNA release and 

labeling at the same time, at the elution step (step 5 in Fig. 1) the same plug of dye in water (0.5 

µL) was flushed back-and-forth 4 times inside the capillary through the trapped magnetic beads. 

The magnetic beads were then released upon triggering of the LVSS process (stage 2). The elution 

volume in the on-line in-capillary mode was 0.5 µL, compared to 60 µL in the off-line batchwise 

operation. Fig. 6 shows the electropherograms obtained from this on-line dual-stage 

preconcentration process for the target DNA fragment at different concentrations, with satisfactory 

linearity (R of 0.987 for peak areas, see Fig. S8 in the ESI).  
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Fig. 6. Electropherograms for CE-LEDIF analysis of the dsDNA 300 bp fragment at different  
concentrations (3 – 5 – 7 – 10 ng /µL) after on-line extraction, elution, fluorescent labeling and  
electrokinetic preconcentration. Other CE conditions as in Fig. 3. 
 

Each concentration was repeated three times, and the repeatability for peak areas was satisfactory 

(RSDs < 9 % for all tested concentrations, see Fig. S8), considering that these RSD values were 

due to the accumulation of all operational variations from different on-line steps.   

 

 

 

 

 

 

 

 

 

 



 

196 

 

DNA concentration (ng/µL) Peak area 1 Peak area 2 Peak area 3 RSD % 

10 4.25 3.55 3.91 8.96 

7 2.52 2.37 2.15 7.93 

5 1.60 1.62 1.41 7.53 

3 1.08 1.02 1.09 3.56 

 

Fig. S8. Calibration obtained with electropherograms for online dual-stage enrichment of dsDNA 
300 bp fragment at different concentrations and the respective repeatability data 

A preconcentration factor of 125 was achieved with our approach, compared to CE of dsDNA 

without LVSS (calculated from the ratios of peak area vs. DNA concentration). To further 

demonstrate the applicability of our approach, the dual-stage enrichment protocol was applied for 

extraction and detection of dsDNA 300 bp fragment spiked in the cerebrospinal fluid (CSF) and 

cell culture supernatant matrices (Fig. S9 in the ESI). Detection of target DNA in CSF helps 

improve the diagnosis of central nervous system tumors [36], whereas analysis of cell-free DNA 

in cell culture supernatant allows understanding of the physical and biological characteristics of 

DNA in human biology [37].  
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Fig. S9. Electropherogram for online dual-stage enrichment of dsDNA 300 bp fragment (3ng/µL) 
spiked in diluted cell culture supernatant (A) and cerebrospinal fluid (B) matrices. BGE: 
Diethanolamine / CHES at IS of 40 mM and pH 8.4. Other CE conditions as in Fig. S3. 

 
The DNA peaks were clearly observed, demonstrating successful magneto-extraction and 

electrokinetic preconcentration of the target DNA even with the complexity of the media. 

Compared with the DNA peaks obtained with DNA standards (Fig. 6), those from spiked biological 

samples were more broadened, with the more pronounced for the cell culture supernatant one. This 

degradation of the CE separation performance is probably due to adsorption of matrix compounds 

(notably proteins) on to the capillary wall, which would occur when working with biological 

samples. This is indeed an inherent problem of the CE technique, regardless of the on-line 

preconcentration methods used. Forefront protein depletion and / or further investigation on 

capillary coating strategies would be needed to eliminate / alleviate this challenge. These 

optimizations nevertheless are envisaged in another subsequent bio-application work. It is worthy 

to note that the signal achieved with Fig. 6 is almost 10-fold higher than that obtained with Fig. 5 

for the same DNA concentration of 5 ng/µL. This difference indeed reflects perfectly the 

performance superiority of the proposed dual-stage preconcentration approach over conventional 

solid-phase-extraction (SPE) one.  Fig. 6 was obtained with all steps (DNA capture, release, 

labelling, enrichment, and CE separation) carried out on-line in the same capillary, therefore the 

totality of the released DNA was preconcentrated without any loss. For Fig. 5, the capture of DNA 

on magnetic beads was done off-line, and only part of the beads containing trapped DNA could be 

injected into the capillary for the subsequent on-line operations. This led to some loss of extracted 

DNA at the injection step, as encountered in conventional SPE protocol prior to CE separation. The 

total time for the entire procedure was around 75 min. Note that there is still some deadtime when 
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switching from one step to another using the actual stage of the purpose-made instrument. This 

could be improved in the next instrumental version when different modules can be piloted with the 

same control program.   

 

4. Conclusions 

The new on-line dual-stage preconcentration concept for CE and the associated instrument were 

developed and successfully demonstrated for on-line magneto-electrokinetic preconcentration, 

fluorescent labeling, and CE-LEDIF separation of the labeled target 300 bp DNA fragment. With 

our approach using circulating beads inside the CE capillary, the eluent stays inside the capillary 

for subsequent preconcentration and separation without any waste of pre-treated samples. 

Compared to other conventional on-line SPE methods, our approach with magnetic beads and 

tweezers offers higher flexibility and automated renewal of the solid support, which otherwise is 

not the case for packed particles (that required frits to hold the particles inside a capillary) nor 

monolithic columns (that require in situ monolithic synthesis inside a capillary). While the 

inaugural application was made for DNA at the actual stage of proof of concept, the proposed 

approach can be extended to other biomolecules (e.g., immuno-capture of proteins and peptides, 

precipitation of glycans), using relevant ligands to be grafted on magnetic beads. The effort is under 

progress to render this concept more robust and widespread used by integrating all steps in a 

commercial CE instrument.  
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Fig. S1. A) Photo of the purpose-made instrument for on-line dual-layer enrichment for CE-

LEDIF analysis.   B) Zoom in the setup of four pairs of magnetic tweezers for magnetic 

bead capture in a 50 µm I.D. capillary 

A) 

 

 

B) 
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Fig. S2.  Fluorescent intensity obtaining by FP-750 Spectrofluorometer for dsDNA ladder 

labeling conditions using GreenGel in term of different ratio volume Vgel: VdsDNA (μl: 

μl).  

A) Gelgreen;  

B) Ratio volume Vdye: VdsDNA (μl: μl)  of 2:1;  

C) Ratio volume Vdye: VdsDNA (μl: μl)  of 1:1;  

D) Ratio volume Vdye: VdsDNA (μl: μl)  of 0.8:1;  

E) Ratio volume Vdye: VdsDNA (μl: μl)  of 0.5:1;  

F) Ratio volume Vdye: VdsDNA (μl: μl)  of 0.2:1 
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Fig. S3. CE-LEDIF separation of dsDNA ladders using different BGE compositions. CE 

conditions: uncoated fused silica capillary of 50 µm I.D., 50 cm effective length and 60 cm total 

length; HV of 25 kV; detection at excitation / emission wavelengths of 480 and 520 nm, 

respectively. A) Tris-CHES 50 mM pH 8,4; B) Diethanolamin-MOPS 40 mM pH 7.2; C) 

Diethanolamin-CAPS 50 mM pH 9.2; D) Diethanolamin-CHES 40Mm pH 8.4; E) 

Triethanolamin-CHES 40mM pH 8.4. 
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Fig. S4. Workflow for DNA purification using the Ampure XP beads. For more information, 

refer to the instructions for use provided by BeckmanCoulter 

 https://www.beckman.fr/reagents/genomic/cleanup-and-size-selection/pcr/performance  

 

 

 

 

  

https://www.beckman.fr/reagents/genomic/cleanup-and-size-selection/pcr/performance
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Fig. S5. Electropherograms for electrokinetic preconcentration of DNA eluents using LVSS with 

polarity switching and CE-LEDIF separation of the enriched DNA fragments. A) The sample 

containing a 300 bp DNA fragment at different concentrations, purified with Ampure XP at the 

ratio of 0.9X; A.1) Blank; A.2) 0.01 ng/μL; A.3) 0.05 ng / μL 

B) The sample containing DNA ladder (100-700 bp) at different concentrations, purified with 

Ampure XP at the ratio of 0.9X. BGE: Diethanolamine / CHES at IS of 40 mM and pH 8.4. B.1) 

Other CE conditions as in Fig. S3.  

C) and D) Calibration curves obtained for the tests (A) and (B), respectively. 

 
 
A)       B)  

 

C)       D) 

 

D)  

 

 
 
 
 
 
 
 
 
 

 

y = 35.688x - 0.1804
R² = 0.9963

0

1

2

3

4

0 0.05 0.1 0.15

Ar
ea

 (V
.s

)

Concentration (ng/ul)



 

208 

Fig. S6. LVSS of DNAs after in-capillary release from trapped magnetic beads. A) Most of 

magnetic beads were trapped with dual pairs of magnetic tweezers during the elution step; B) 

Magnetic beads were partially trapped with dual pairs of magnetic tweezers during the elution step; 

and C) Magnetic beads were not well retained using only one single pair of magnetic tweezers 

during elution. Failure of LVSS was more evident with the cases (B) and (C) where with several 

scattered peaks were observed. 
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Fig. S7. Behavior of trapped magnetic beads during LVSS of released DNA fragments. A) All 

beads were trapped at pair of tweezers. B) A back-flow appeared during LVSS, pushed the 

beads’blog to inlet. C) The blog of beads was broken and the failure of LVSS. 

A)        B) 

 

C) 
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Fig. S8.  Calibration obtained with electropherograms for online dual-stage enrichment of dsDNA 

300 bp fragment at different concentrations and the respective repeatability data 

 

DNA concentration (ng/µL) Peak area 1 Peak area 2 Peak area 3 RSD % 

10 4.25 3.55 3.91 8.96 

7 2.52 2.37 2.15 7.93 

5 1.60 1.62 1.41 7.53 

3 1.08 1.02 1.09 3.56 

 

Fig. S9.  Electropherogram for online dual-stage enrichment of dsDNA 300 bp fragment (3 

ng/µL) spiked in diluted cell culture supernatant (A) and cerebrospinal fluid (B) 

matrices. BGE: Diethanolamine / CHES at IS of 40 mM and pH 8.4. Other CE conditions 

as in Fig. S3.  
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5.2 CONCLUSIONS  

The new on-line concept and associated instrument of dual stage enrichment based on magneto 

extraction with the circulation of beads and electrokinetic preconcentration, followed by CE- 

LEDIF separation were successfully developed for DNA extraction and preconcentration. Our 

approach with magnetic beads and tweezers offers higher flexibility, robustness and automated 

renewal of the solid support, compared to conventional extraction methods. The extended 

applications for other biomolecules are envisaged.   
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CONCLUSIONS AND PERSPECTIVES 
In this thesis, I successfully developed two innovative methods to characterize the MPs and their 

interaction with different (bio)molecules. One on-line extraction and enrichment approach based 

on the combinaison of MPs and CE was also investigated. 

First, the enzymatic stratergy, SEC-LIF condions and grating protocols were developed and 

optimized for the immobilisation, digestion  and analyse of NAB228 antibody on magnetic beads. 

Under the optimized conditions, more than 70 % antibodies was defined grafting in right orientation 

on Tosyl-activated and protein G beads. Regarding the immunoassay based on magnetic bead 

support for amyloid beta peptide, the antibody grafted on Protein G beads showed better 

performance and LOD reached 10 ng/mL. The enzymatic and SEC approach can be used for further 

applications targeting biomarkers. Note that the compatibility of digestion enzyme and antibody as 

well as magnetic beads should be take into account for each target molecule. However, the LOD is 

still far from the concentration of Aβ in real biosample (<1ng/mL). The size and charge of magnetic 

beads as well as the interaction between MPs and IgG should be optimized to increase the captured 

density of paptide, down to pg. 

Second, a new EOF-assisted preconcentrate method was developed based-on weakly charged ions, 

contributes to MPs and amyloid beta 1-42 peptide enrichment prior to CE separation. The 

sensitivity improvement compared to CE-UV method were 340 and 18-fold, respectively. The 

approach could be widely applied for many purposes, such as preconcentrating biomolecules (e.g., 

DNA in chapter 5) or monitor the interaction of MNPs with drug at low abundant (20 μM). And 

the separation should be optimized when using the BGEs at very low EOF. 

Third, the novel concept of dual-stage enrichment online was demontrated based on the circulation 

forth-and-back of MPs inside the capillary and EOF-assisted preconcentrate method (developed in 

chapter 4). The LOD of dsDNA 300 bp reached 3 ng/μL and enrichmnet factor was 125 folds, 

compared to traditional CE- LIF.  

For overall perspective, these developed methods will be investigated on extraction, separation and 

detection of molecules in real biosamples (e.g, DNA from cellular supernatant or plasma, amyloid 

beta 1-42 from blood of healthy people and AD patients). The EOF-assisted preconcentration and 

detection by CE- LIF for Aβ1-42 peptide (chapter 4) will be used to detect the peptide eluted from 

antibody NAB228 immobilized on beads (chapter 3). Thus, the comparison of LOD and 
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reproducibility between ELISA and CE- LIF will be envisaged. For chapter 5, the optimization of 

homemade system to be smaller, more automatic and robust are envisaged in next step. The 

temperature control will be invested to achieve higher reproducibility of peak form and enrichment 

factor.    
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